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Zusammenfassung
Gegen Ende ihres Lebens dehnen sich sonnenähnliche Sterne erheblich aus und
werden zu Roten Riesen. Dabei zeigen sie, so wie auch die Sonne selbst, stark
gedämpfte Oszillationen, die durch die turbulenten konvektiven Strömungen in
ihren äußeren Hüllen angeregt werden. Diese Schwingungen ermöglichen die seis!
mologische Erkundung der inneren Sternstruktur und erlauben unter anderem die
Bestimmung des Sternalters aufgrund der Ausdehnung des Kerns.
Bisher war es nicht geklärt, ob man bei Roten Riesen, ähnlich wie bei son!
nenähnlichen Sternen, radiale und nicht!radiale Schwingungen beobachtet, deren
Lebenszeiten signifikant länger sind als bei sonnenähnlichen Sternen,oder nur radi!
ale Oszillationen mit Lebenszeiten vergleichbar zu den in sonnenähnlichen Ster!
nen. Letzteres würde die aus den beobachtbaren Schwingungen ableitbaren In!
formationen erheblich einschränken. Zu Beginn meiner Arbeit gab es noch keine
allgemein anerkannte Theorie welche die zeitliche Entwicklung von Konvektion
berücksichtigt und damit die Anregung und Dämpfung von sonnenähnlicher Pulsa!
tion erklärt. Weiters beschränkten sich die Beobachtungen hauptsächlich auf den
Nachweis von sonnenähnlicher Pulsation. Aber das Interesse und das Potenzial zur
Untersuchung der Struktur dieser Sterne waren groß, sodass die kanadische Wel!
traummission MOST und das europäische Satellitenprojekt CoRoTProgramme zur
Beobachtung von sonnenähnlich pulsierenden Roten Riesen entwickelten.
Ein Teil dieser Arbeit beschäftigt sich mit dem Nachweis von radialen und nicht!
radialen Schwingungen in der 28 Tage langen MOST Präzisionsphotometrie des
G9.5 Riesen !Oph. Die Oszillationsfrequenzen wurden unter der Annahme von
relativ stabilen Schwingungen,d.h. unter der Annahme von langen Lebenszeiten,ex!
trahiert. Deren Signifikanz wurde bezüglich des lokalen Hintergrundrauschens be!
wertet, welches durch die stellare Oberflächengranulation verursacht wird und mit
Hilfe eines einfachen Potenzgesetzes berechnet werden kann. Die beobachteten
5
6Frequenzen wurden mit Modellfrequenzen aus einem umfangreichen Gitter von
Sternmodellen verglichen, um Modelle zu identifizieren, deren Eigenfrequenzen
möglichst gut mit den beobachteten übereinstimmen. Das am besten passende
Modell erklärt 18 der 21 beobachteten Frequenzen als radiale und nicht!radiale Os!
zillationen und liegt innerhalb der ±1σ Fehlergrenzen von !Oph’s Position im H!R
Diagram und dessen interferometrisch bestimmten Radius. Aufgrund des relativ
kurzen Datensatzes waren die Lebenszeiten der Schwingungen nicht direkt mess!
bar. Die Streuung der beobachteten Frequenzen um die Modellfrequenzen deutet
jedoch auf eine durchschnittliche Lebenszeit von 10 bis 20 Tagen hin. Diese Inter!
pretation ist aber kontroversiell. So behaupten etwa Barban etal. "2007#, im gleichen
Datensatz von !Oph nur radiale Schwingungen mit sehr kurzen Lebenszeiten nach!
weisen zu können. Deren Resultat widerspricht somit meinem und stellt generell
das asteroseismologische Potential von Roten Riesen in Frage.
Diese Unklarheit konnte mit Hilfe der ersten 150 Tage langen Beobachtungskam!
pagne von CoRoT beseitigt werden. Mehr als 300 Sterne wurden gefunden, die ein
für Rote Riesen typisches Granulations! und Pulsationsverhalten zeigen. Mit Hilfe
einer halbautomatischen Prozedur konnten die pulsierenden Roten Riesen unter
den ca. 11 000 beobachteten Sternen identifiziert werden. Exemplarisch für die
große Zahl von neu entdeckten pulsierenden Roten Riesen habe ich zwei Sterne
genauer untersucht. In einem ersten Schritt wurden die Fourierspektren mit Hilfe
eines Potenzgesetzes bezüglich des stellaren Hintergrundsignals korrigiert.Die resid!
ualen Fourierspektren zeigen ein klares Muster aus radialen und nicht!radialen Os!
zillationen, deren Frequenzen mit Hilfe von Lorentzprofilen ermittelt wurden.Eine
erste Abschätzung über die stellaren Massen und Radien ließ sich aus den globalen
Pulsationsparametern ableiten. Im Fall der beiden CoRoT Sterne wurden Mod!
elle gefunden, die alle 13 bzw. 12 extrahierten Frequenzen innerhalb der Beobach!
tungsfehler als radiale und nicht!radiale Schwingungen erklären. Weiters deuten
die schmalen Profile der beobachteten Pulsationsmoden und die relative Stabil!
ität des Signals in einer Zeit!Frequenzanalyse darauf hin, dass die Lebenszeiten der
Schwingungen bei etwa 20 bis 50 Tagen liegen.
Als wichtigste Resultate meiner Arbeit sehe ich: 1. Die Entscheidung der Kon!
troverse um die Existenz von nicht!radialen Pulsationsmoden in Roten Riesen. 2.
Die Lebenszeiten dieser Schwingungen sind erheblich länger als bei sonnenähn!
lichen Sternen. 3. Die beobachteten Oszillationen lassen sich durch Frequenzen
von Modellen Roter Riesen eindeutig erklären.
Dies unterstreicht das große asteroseismologische Potenzial dieser Sterne und
liefert einen Beitrag zum besseren Verständnis der späten Stadien in der Sternen!
twicklung.
Abstract
Towards the end of their lives, stars like the Sun greatly expand and become red
giants. Like the Sun, they show strongly damped oscillations stochastically excited
by the turbulent convective motions in their outer envelopes. These oscillation
frequencies provide great potential for seismic probing of the internal structure of
red!giant stars, and allow to determine, e.g., the stellar age.
It has been unknown whether red giants exhibit radial and nonradial oscilla!
tions as it is known for sun!like stars but with significantly longer lifetimes, or ra!
dial modes only with lifetimes comparable to those of sun!like stars. In the second
case this would seriously limit the asteroseismically deducible information. At the
beginning of this study, no commonly accepted theory taking into account the tem!
poral evolution of convection was available which is necessary to explain the driving
and damping of solar!type oscillations. Furthermore, the observations were still in
their infancy. But the interest and potential to investigate the structure of red giants
was high, and both the Canadian space mission MOST and the European satellite
CoRoT developed programs to observe pulsating red giants.
Here I report on the detection of both radial and nonradial oscillations in the
28 days long high!precision MOST photometry of the G9.5 giant !Oph. I have
extracted the mode frequencies assuming the signal to be relatively stable, i.e. as!
suming the lifetimes to be long. Their significance was evaluated with respect to a
simple power law model fit representing the local background noise due to intrin!
sic surface granulation. The extracted frequencies were then compared to those of
an extensive grid of stellar models in order to search for models whose oscillation
spectra best matches the observed frequencies. The best fit model explains 18 of
the 21 observed frequencies as radial and nonradial p modes. It is located within
±1σ of !Oph’s position in the H!R diagram and its interferometrically determined
radius. The lifetimes of the observed oscillations are not directly accessible due
7
8to the relatively short data set. But the small scatter of the frequencies about the
model predicted frequencies indicates that the average lifetime could be as long as
10 to 20 days. This interpretation is quite controversial. For example, Barban et al.
"2007# claimed to find short living radial modes only in the same data set of !Oph.
Consequently, their findings strongly contradicts my result and questions the aster!
oseismic potential of red giants in general.
This ambiguity could be solved by the first 150 days long!run observations of
CoRoT. More than 300 stars have been identified showing a granulation and pul!
sation signal in a frequency and amplitude range typical for solar!type pulsation in
red giants. A semi!automatic method was used to identify the red!giant candidates
among the about 11000 exofield targets. Exemplary for the large number of CoRoT
red!giant pulsators I have analyzed two stars in detail. In a first step, their power
spectra are corrected for the intrinsic background signal using power law model fits.
The residual power spectra show a clear pattern of radial and nonradial modes and
Lorentzian profile fits are used to extract the frequencies of 12 and 13 p modes, re!
spectively. First estimates for the stellar mass and radii are determined from global
pulsation parameter. In case of the two CoRoT stars, I found red!giant models
whose oscillation spectra match all observed frequencies as radial and nonradial
modes with an angular degree of up to and including 3. Furthermore, the narrow
profiles of the observed modes and the relative stability of these modes in a time!
frequency analysis indicates that the mode lifetimes are of the order of 20 to 50
days.
As the main result of this thesis I conclude: 1. To resolve the controversy about
the existence of nonradial modes in red giants. 2. Their lifetimes are significantly
longer than those in sun!like stars. 3. The observable oscillations are consistent with
theoretical eigenspectra of red!giant models.
This finally approves the high asteroseismic potential of red!giant stars and will
contribute to a better understanding of the late stages of stellar evolution.
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CHAPTER 1
Introduction
1.1 Asteroseismology in a nutshell
1.1.1 Where does it come from - what is it about?
Figure 1.1: The  Sun
through an asteroseismolo!
gists glasses.
The understanding of the internal structure of stars and
the underlying physical processes is of central interest
for investigating the structure and evolution of the uni!
verse but also o%ers the possibility to study matter under
extreme conditions not yet achievable in the laboratory.
Since stellar interiors are one of the most di&cult parts
of the universe to observe astronomers had to rely for a
long time on their “naive” concepts about how stars work.
There were such fanciful ideas like that the Sun is gaining
its energy from burning coal.
Some hundred years ago, astrophysicists start to in!
terpret stellar oscillations, which were known for cen!
turies, to be intrinsic to stars and find them as an useful
tool to probe stellar interiors. All observational techniques and physical and mathe!
matical descriptions used to treat stellar pulsation are nowadays summarized under
the term as·ter·o·seis·mol·o·gy. This is Greek and stands literally translated for the
0This  chapter  is  partially  based  on  the  lecture  notes  entitled Ste!ar  Osci!ations by  J.
Christensen!Dalsgaard  "2003, Aarhus  University; http://astro.phys.au.dk/∼jcd/oscilnotes/#  and
the  lecture  notes  entitled Asteroseimsology by  C.  Aerts  "2003, Catholic  University  of  Leuven;
http://www.ster.kuleuven.ac.be/education/courses/pulsatingstars/astero.pdf#.
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study of stellar tremors, just as geoseismology refers to the study of how earthquake
waves propagate and how they can be used to explore the internal structure of the
Earth.
Initially, the investigation of pulsating stars was concentrated on stars with large
amplitudes, such as Cepheids. Their periodic variations could easily be explained
as a spherically symmetric expansion and contraction of the stellar surface ! in its
basic description as the radial fundamental mode of a sphere. It was realized soon
that the period of such an oscillation corresponds to the dynamical time scaletdyn "
(R3/GM)1/2 of a star which is mainly defined by the stellar radius. A common char!
acteristic of Cepheids is that they are located in an almost vertical, narrow strip
in the Hertzsprung!Russell "H!R# diagram, the so!called instability strip, where the
stars’ luminosities are basically defined by their radii. Hence, the easily observable
fundamental radial period of a Cepheid is proportional to its luminosity, known as
the period!luminosity relation for Cepheids. With the known apparent luminosity,
one can then determine the distance of the star. Thus, the period!luminosity rela!
tion for Cepheids provides the first practical application of asteroseismology and is
still an important indicator for the distances of galaxies.
A big break through in the early days of asteroseismology was the discovery
of the physical process that drives pulsation and why the phenomena of pulsation
seems to appear mainly in stars concentrated in the instability strip.Zhevakin "1953#
and Cox & Whitney "1958# independently found that pulsation in the instability strip
is driven by an opacity mechanism in the H and He ionization zones converting ra!
diative energy from the deep interior into kinetic energy,the so!called κ!mechanis#.
With the progress of technology the observations became more accurate which
places astronomers in a position to study the oscillations in great detail. Many stars
were found showing a more complex behavior of pulsation than the Cepheids with
often more than one mode excited including radial overtones but also modes whose
motion does not preserve spherical symmetry, so!called nonradial modes. Accord!
ing to the theory the knowledge about the structure of a star should improve with
an increasing number of modes detected. But already the presence of a second
mode yields to a conflict with what was known from stellar evolution theory. This
long lasting contradiction was finally solved with the computation of new,improved
opacities.
The discovery of the five!minute oscillations on the solar surface with its millions
of modes led to a separate field of research, helioseismology. It gave us an accurate
picture of the inaccessible interior of the Sun,and stimulated progress in many fields
of astrophysics.
Since the Sun is believed to be a normal star, comparable pulsational behavior
can be expected for stars similar to the Sun. But it was and still is a challenging
task to observe solar!type modes in stars di%erent from the Sun. The limited spa!
1.1. ASTEROSEISMOLOGY IN A NUTSHELL 13
tial resolution for distant objects "stars are basically point sources#, strongly limits
the number of detectable modes. Another di&culty in observing solar!type modes
in stars di%erent from the Sun are the very small amplitudes of less then 15 cm·s−1
in the solar case. Nevertheless, for a couple of bright stars similar to the Sun the
detection of solar!type oscillation was reported. Solar oscillations are caused by the
turbulent motion in the outer convective layers of the Sun. It is believed that all
stars possessing convective envelopes have the potential to exhibit solar!type oscil!
lations. This includes basically all stars cooler than the red border of the instability
strip. Since the amplitudes of these oscillations scale mainly with the stellar radius
"Kjeldsen & Bedding 1995# one can expect significantly larger amplitudes for solar!
type oscillations in stars on the giant branch. Indeed, several detections of solar!type
oscillations in red giants were reported during the last years. The search for solar!
type oscillations in red giants and first asteroseismic models for these stars are the
main goals of this thesis.
1.1.2 What can we learn from it?
The principle aim of asteroseismology is to test and improve stellar evolution the!
ory. The theory is well established and tells that stars develop from large clouds
of gas and dust under the influence of their gravitation and heat up during a rapid
contraction phase until they have cores hot enough to start burning hydrogen into
helium. The produced energy stops the contraction and the star has reached a sta!
ble configuration, the so!called main sequence phase. After spending up to 95' of
their total lifetime, the central fuel is exhausted and the stars start again a rapid
development. During this phase, the stars have an inert helium core and a thin hy!
drogen burning shell and expand their envelopes while they evolve along the giant
branch. On the tip of the giant branch their cores are hot enough to burn helium
into heavier elements and the stars enter the horizontal branch phase of evolution.
Depending on their mass, they end as white dwarfs, neutrino stars, or balck holes.
This overall picture of stellar evolution is constrained by observations of many
di%erent types of stars during very di%erent phases of evolution. Current "non!
seismic# observations do not provide enough information for a complete test be!
tween theoretical models and the intrinsic properties of the stellar structure. For
example, stars in completely di%erent evolutionary stages with very di%erent inter!
nal structures can have similar envelope properties,like temperature and luminosity.
Since it is not possible to directly observe their interiors one can not derive their
evolutionary status unambiguously. Asteroseismology can help in this context be!
cause it is the only way to “look” inside the star by using the oscillations at the stellar
surface.
14 CHAPTER 1. INTRODUCTION
Figure 1.2: A star  in  a  system  of
cartesian  coordinates  "x, y, z#  and
spherical coordinates "r,Θ,Φ# whose
polar axis coincides with the z!axis
and the rotation axis of the star.
1.2 Pulsation
Asteroseismology provides a tool to investigate the internal structure of pulsating
stars by interpreting the frequencies of oscillations observable on the stellar surface.
When a star pulsates, the surface oscillates around its equilibrium yielding a periodic
variation of the stars radial velocity. Thanks to the Doppler e%ect the radial velocity
changes can be observed by measuring the wavelength shifts of spectral lines. The
varying stellar radius causes stellar luminosity variations.
The frequency of a pulsation mode is a%ected by the density of the region the
mode runs through. Since di%erent modes penetrate di%erent layers of a star, a set
of modes carries information about the density distribution in the stellar interior
which is otherwise not measurable. But to study these properties one has to consider
the characteristics of pulsation modes first.
In the next sections some basic properties of stellar pulsation are discussed. For
a more detailed description of stellar oscillation I refer to the book ”nonradial Os$
ci!ations of Stars” by Unno et al. "1989# or for review articles to Brown & Gilliland
"1994# or Gautschy & Saio "1995, 1996#.
1.2.1 Mode properties
When considering a star to be a self!gravitating spherically symmetric sphere of gas,
free of external forces, with the pulsation axis coinciding with the rotation axis and
the rotation periods to be much longer than an oscillation cycle,then it is convenient
to describe any scalar function in terms of spherical harmonics in a spherical polar
coordinate system "see Figure1.2#. Thus, e.g., the radial component of the velocity
can be described as the real part of "e.g., Christensen!Dalsgaard 2004#:
v(r,Θ,Φ, t) = v(r)Y m! (Θ,Φ)e
iωt, "1.1#
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in which v(r) is an amplitude function only depending on the radiusr and Y m! (Θ,Φ)
are spherical harmonics given by
Y m! (Θ,Φ) =
√√√√2$+ 1
4pi
($−m)!
($+m)!
Pm! (cosΘ)e
imΦ, "1.2#
with Pm! (cosΘ) being the associated Legendre function defined as
Pm! (x) =
(−1)m
2!$!
(1− x2)m/2 d
l+m
dxl+m
(x2 − 1)!. "1.3#
An important aspect of the theory of stellar oscillations is about how a star reacts to
perturbations from spherical symmetry. Assuming only small deviations allows one
to linearize the system of non!linear partial di%erential equations. Solutions with
a time dependence like eiωt can be found for spheroidal modes, with ω being the
angular pulsation frequency ! or more conveniently the cyclic frequency ν = ω/2pi .
Figure 1.3: Radial displacement eigenfunctions of a red!giant model. The zero!crossings
"horizontal dotted line# give the position of the radial nodal layers. Counting them along
the radius vector gives the radial order n .
Pulsation modes are characterized by the three wave numbers: n , $, and m . With
the angular degree $ equal to zero, the star performs what is called radial pulsation,
the simplest type of oscillation, where the star expands and contracts under preser!
vation of spherical symmetry. In this case, the di%erential equations describing the
radial displacement yield eigensolutions with an infinite number of eigenfrequen!
cies with the smallest frequency corresponding to the radial fundamental mode "n,
$, and m equal to zero#. Overtones of the radial fundamental mode are character!
ized by the radial order n which counts the number of oscillation nodes "concentric
spheres that do not move# between the center and the surface. Examples for radial
displacement eigenfunctions are shown in Figure 1.3.
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The more general type of oscillation is nonradial pulsation where not only ra!
dial motion takes place but also transverse motion indicated by the nonradial wave
numbers $ and m . They correspond to the degree $ and the azimuthal number m of
the spherical harmonic Y m! (Θ,Φ). More simply, the degree $ determines the total
number of nodal lines on the stellar surface and m counts the number of nodal lines
that intersect the equator. While modes with m = 0 are standing waves,modes with
m $= 0, with m ranging from−$ to $, are running waves denoted as prograde and ret!
rogrades modes, respectively, depending on the direction of the motion relative to
rotation. Examples of how the surface pattern looks like for modes with di%erent $
and m are illustrated in Figure 1.4. The color!scale indicates a mode’s radial velocity
structure on the stellar surface at a particular phases of the pulsation cycle.E.g., the
colors red and blue refer to opposing directions of the motion of the correspond!
ing surface elements. The sliced sphere also shows the positions of the radial nodal
layers.
Figure 1.4: Examples of Doppler maps indicating the velocity fields on the stellar surface for
di%erent nonradial oscillation modes with the color scale denoting the value and direction of
the motion of the corresponding surface elements. The accordant wave numbers are given
in parenthesis as "!,m, n#. The sliced sphere also illustrates the radial nodal layers.
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Beside the mathematical description of the waves,pulsation modes are classified
according to the nature of their restoring force as:
• p modes: acoustic or pressure modes are driven by pressure fluctuations ! such
as generated by the κ!mechanism ! and hence limited by the local speed of
sound. They reach their largest amplitudes at the outer stellar layers and are
therefore the most frequently observed modes and can be found in many types
of pulsating stars, like δ!Scuti stars or Cepheids but also in the Sun.
• g modes: gravity or density modes, with gravity acting as the restoring force,
are mainly confined to the deep interior below the convective regions of the
star. In the deep stellar interior the temperature gradient is weak enough that
adiabatic expansion causes an ascending bubble of gas to be cooler and denser
than the surrounding gas. The buoyancy of the surrounding material pushes
the bubble back to its origin and hence reacts as a restoring force for g modes.
On the other hand, the temperature gradient in convective regions is higher
than the adiabatic lapse rate and therefore blocks g modes but is required to
drive convection. The long periods of g modes and the fact that they attain
their maximum amplitudes in the stellar core makes them more di&cult to
observe than p modes, but also more interesting because they provide the
possibility to probe the stellar core. They can be found e.g. in γ!Dor stars or
white dwarfs.
• f modes: surface gravity modes are similar to ocean waves traveling along the
Earth’s surface and can only appear in the outermost layers of the stellar sur!
face, in the photosphere, where a temperature gradient is again smaller than
the adiabatic lapse rate.
To describe the hydrodynamics of a star and the perturbation from its equilib!
rium state "and therefore the physical nature of oscillations# one has to consider the
fully non!adiabatic pulsation equations including the equations of conservation of
mass, momentum, and energy. Solving this system yields a complete description of
the properties of a mode characterized by "$,m ,n# with the complex non!adiabatic
eigenfrequency ω = ωr + iωi with ωr being the oscillation frequency and ωi being
the radiative damping rate. The latter provides information about the damping "or
excitation for negative values# due to non!adiabatic e%ects like the κ!mechanism.
However, it is convenient to simplify the complex system of di%erential equa!
tions by using several approaches like the adiabatic approximatio". It is assumed that
the thermal relaxation time is long enough to keep the entropy constant during an
oscillation cycle. This decouples the energy equation from the equations of mass
and momentum conservation. Although it is easier to find a solution for this prob!
lem, it is not possible to determine if the mode is unstable or not. To get an idea
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about the excitation of adiabatic frequencies it is practical to use theCowling approx$
imatio" "Cowling 1941#. Thereby the perturbation of the gravitational potential is
neglected which is indeed valid for the outermost stellar regions where the density
is small. Thus the pulsation equations can be simplified and the excitation forces
are described in terms of two characteristic frequencies. The acoustic or Lamb fre!
quency L! "or sometimes S!# is given by
L2! =
$($+ 1)c2
r2
, "1.4#
with r being the radius and c the adiabatic sound speed with c2 = Γ1P/ρ, where P is
the pressure,ρ is the density andΓ1 = (∂ lnP/∂ ln ρ)ad gives the adiabatic exponent.
Consequently, L! corresponds to the minimum frequency at which an acoustic wave
of degree $ can propagate in a given medium characterized by the speed of sound.
The buoyancy or Brunt$Väisälä frequency N is defined as
N2 " (GM
r2
)2
ρ
P
(∇ad −∇+∇µ), "1.5#
with M being the mass and using the ideal gas approximation for the equation of
state for ∇ad = (∂ lnT/∂ lnP )ad, ∇ = d lnT/d lnP , and ∇µ = d lnµ/d lnP , where
T is the temperature and µ is the mean molecular weight. For regions with N2 > 0,
N is the frequency at which a displaced fluid element would bob up and down,driven
by its natural buoyancy. Regions with N2 < 0 are convectively unstable "∇ > ∇ad+
∇µ#. Here the buoyancy accelerates the fluid element leading to convective energy
transport.
Figure 1.5 shows the variation of the Lamb frequency "dashed lines for di%erent
degree $# and the Brunt!Väisälä frequency along the radius of a solar model. This
propagation diagram illustrates the so!called mode cavities "colored regions# where
g modes and p modes are trapped. It turns out that g modes are trapped whenever
their frequency is below the Lamb frequency and the Brunt!Väisälä frequency, and
p modes can only propagate if their frequency is above the Lamb frequency and
the Brunt!Väisälä frequency "Scuflaire 1974#. Also shown are examples for eigenfre!
quencies and their node positions.
As a result of a more dense core, the buoyancy frequency reaches high values
in the deep interior of evolved stars and overlaps the frequency regime of acoustic
modes. Thus a mode can show g!mode behavior in the core and p!mode behavior
in the outer regions and is called a mixed mode.
1.2.2 The asymptotic relation
The asymptotic analysis of the pulsation equations shows that the eigenfrequencies
of low!degree and high radial order acoustic modes in Sun!like stars "stars with e%ec!
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Figure 1.5: Propagation diagram: The buoyancy or Brunt!Väisälä frequencyN "full line# and
the characteristic acoustic or Lamb frequency L! "dashed lines for di%erent degrees !# as a
function of the radius fraction for a solar model. The colored areas indicate regions where
p or g modes of a given frequency can propagate. Examples for eigenfrequencies and their
nodal points are illustrated by dotted lines and dots.
tive temperatures and luminosities similar to the Sun#, or more general in stars with
a negligible interaction between the p and g!mode cavities, can be approximated by
a simple asymptotic relation "Tassoul 1980, 1990#:
νn,! = ∆ν(n+
1
2
$+ !)− $($+ 1)δνn,!/6, "1.6#
where ∆ν = νn,! − νn−1,! is the so!called characteristic spacing which is defined in
terms of an integral of the sound travel time through the star as∆ν " (2 ∫ R0 dr/c)−1.
Note that for n >> $, ∆ν is approximately equal to the large frequency separation
which is proportional to the square root of the mean stellar density "Cox 1980# and
can be scaled from the solar case according to∆ν " 134.8µHz
√
ρ¯/ρ¯". The quantity
! is sort of a phase, mostly sensitive to the properties in the outer stellar layers and is
about 1.6 for the Sun. For n large compared to $, the second order correction δνn,! =
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νn,! − νn−1,!+2 becomes roughly equal to the so!called small frequency separation
which is defined in terms of the integral of the gradient of the sound speed across the
stellar radius as δνn,! ∝ ∆ν ∫ R0 dc/dr ·dr/r and rather strongly weighted towards the
stellar core. As the speed of sound "and therefore also its gradient# changes during
stellar evolution due to the raising helium fraction in the stellar core, δνn,! serves as
an indicator for the stellar age.
µ
µ
!"
#" 
Figure 1.6: Echelle diagram of low!degree solar acoustic modes extracted from BiSON data
with radial order ranging from 8 to 28.
For p modes with n ' $ the asymptotic relation tells that the frequencies of
consecutive overtones are approximately equally spaced. It is then convenient to
illustrate the frequencies in an eche!% diagram "first introduced by Grec 1981# where
the frequencies are plotted modulo the large frequency separation.Figure 1.6 shows
an echelle diagram for solar low!degree p modes extracted from BiSON "Birming!
ham Solar Oscillation Network# data "Chaplin et al. 1999# illustrating that modes of
the same degree roughly fall along vertical ridges when folding the mode frequencies
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with the large frequency separation of ∼135µHz. Note that the modes do not line
up exactly vertical but follow a ”S” shaped curvature due to slightly di%erent spac!
ings from order to order reflecting the inhomogeneous density distribution along
the solar radius.
1.2.3 Some words on rotation
The asymptotic relation was derived under the assumption of a non!rotating star.
But for modes with m $= 0 Equations 1.1 and 1.2 result in a time dependent solution
that goes as ei(ωt+mφ). The phase factor indicates that the mode is a traveling wave
with a common sign convention that modes with positive m are traveling against
rotation "retrograde# and modes with negative m are traveling with rotation "pro!
grade#. For spherical symmetry all multiplet modes "modes with same $ and n but
with m ranging from !$ to $# have the same frequency. However, rotation, or other
departures from spherical symmetry, can lift this frequency degeneracy and split
up the di%erent multiplet components. In case of a rotating star, the oscillation
motion is caused to move with the direction of the Coriolis force being against ro!
tation. Thus, prograde and retrograde modes traveling with and against rotation
have slightly lower and higher frequency, relative to the axisymmetric m = 0 mode.
For slow rotation the rotational splitting can be written as
νn!m = νn!0 −mΩ(1− Cn!) "1.7#
where νn!0 is the axisymmetric m = 0 mode frequency and Ω is the rotation fre!
quency. Cn!, the so!called Ledoux constant "Ledoux 1951#, is essentially zero for p
modes. In the asymptotic frequency regime one may expect that it should be easy
to distinguish the mode pattern from the rotational multiplets. But for real obser!
vations some of the multiplet components may be excited at amplitudes that are
not observable hence not all multiplet components are present. This can lead to
very complex patterns which are hard to disentangle, especially when leaving the
asymptotic regime or for fast rotating stars. However, whenever a rotationally!split
multiplet is identified the rotation rate of the star is accessible. And even more
fascinating, with multiplets of modes of di%erent degree or radial order one can
measure the interior rotation rate as a function of radius and even latitude,as it was
successfully done for the Sun.
1.2.4 Excitation mechanisms
It is an interesting point that for more or less any possible stellar configuration "in
mass, temperature, etc.# pulsation seems to be a common phenomena. In the H!R
diagram "Figure 1.7# one can find various regions where stars tend to show variability
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and only a few regions exist where not a single pulsating star is known.On the other
hand most of the known stars in the same region of the H!R diagram do no& show
pulsation at or above 100 ppm in photometry and some 10 cms−1 in radial veloc!
ity. So why does one star show luminosity variations of some percent and another
star with almost the same properties, like e%ective temperature and surface gravity,
seems to be constant? Is it only a question of sensitivity? Would we find all stars to
be variable if our detectors are sensitive enough? These are still open questions.
Figure 1.7: Theoretical H!R diagram for low and intermediate mass stars showing di%er!
ent classes of pulsating stars. Also shown is the location of the instability strip where the
red edge is sort of border separating the 2 main driving mechanisms for pulsation: opacity
mechanism and stochastic excitation.
As for example a δ Scuti star pulsates, the oscillations are driven by thermal
energy converted into kinetic energy,similar to how any heat engine works ! thermal
energy is absorbed when the temperature is high and emitted when the temperature
is low. During a pulsation cycle, the star expands and contracts, heats and cools
periodically. Thereby, in most parts of the stellar interior, energy is lost, thus the
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oscillation is damped. But since most star’s pulsation is self!excited, there have to
be regions in which at least as much kinetic energy is gained as is damped throughout
the rest of the star.
For the classical pulsators, like Cepheids, δ Scuti stars, and RR Lyrae stars the
driving mechanism is due to opacity ! known as the κ!mechanism. In the H and
He ionization zones, the opacity blocks the radiation from the interior, the tem!
perature and pressure increase and cause the layer to expand. Simultaneously, the
ionization of the gas increases. But the more ionized gas has less opacity. Thus
more radiation can pass the layer, which cools down and can no longer resist the
weight of the overlying layers. Consequently, the stars starts to contract. During
the contraction, the ionized atoms recombine and increase the opacity ! the cycle
starts again. Outside the instability strip the H and He opacity peak is not optimally
located to drive pulsation. It was found that the same mechanism,but now working
on Fe!group element opacities, drives pulsation in e.g. β Cep stars.
Towards the cool end of the H!R diagram, stars beyond the red edge of the in!
stability strip possess convective envelopes and the opacity mechanism is replaced
by stochastic excitation as the major engine for pulsation in the Sun, sun!like stars
but also in red giants. Simplistically, the turbulent flux in the convective region gen!
erates an acoustic noise on very di%erent time scales. This acoustic energy in the
star’s resonant cavity may drive intrinsically stable "hence damped# p!mode pulsa!
tion, so!called damped and stochastically excited "or solar!type# oscillations. Unlike
acoustic modes in stars in the classical instability strip, which can coherently oscil!
late for millions of years, solar!type modes have much shorter lifetimes. Since the
convective noise does not provide a permanent excitation which is able to compen!
sate the energy loss in the damping regions of the star, a once excited oscillation is
rapidly damped. But as the oscillation is re!excited again and again sort of a “stable”
but strongly modulated signal occurs.
It is almost always the case that not all natural eigenfrequencies of a star are
excited at a level accessible to modern observations. And even the observable modes
can have very di%erent amplitudes. Hence there has to be a mechanism selecting
which modes are excited at which amplitude. This mode selection mechanism is far
from being understood but there are some basic rules. For example, the position of
the driving layer determines which mode can no& be excited. Modes having a radial
node in this zone can not receive energy where they do not oscillate at all.
1.3 Solar-type oscillation
For stars on the cool side of the instability strip, the convective envelope prevents
opacity mechanisms to drive pulsation. Their modes are found to be stable in a
nonadiabatic analysis based on radiative energy coupling only. But as pulsation is
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observed in the Sun, sun!like stars and red giants, the presence of an excitation
source di%erent from opacity is evident. It is widely accepted that the convective
motion, with speeds up to the speed of sound, provides and e%ective source of en!
ergy to excite the eigenfrequencies of the star via resonance coupling. Contrary to
opacity mechanisms, providing a continuous excitation, the driving of solar!type os!
cillation is random. In its simplest description a solar!type mode can be described
as a damped harmonic oscillator forced by a random function:
d2
dt2
x(t) + 2η
d
dt
x(t) + ω20x(t) = f(t− t0), "1.8#
with ω0, η, and f being the angular eigenfrequency,the damping rate, and the forcing
function, respectively. For a free oscillation "f = 0# the displacement vectorx(t)will
follow e−ηtcos(ωt+φ) with ω2 = ω20 − η2. In case of a forced oscillation the average
power of the Fourier transformed oscillations can be written as,
〈P (ω)〉 " 1
4ω20
〈Pf(ω)〉
(ω − ω0)2 + η2 , "1.9#
with Pf being the power of the Fourier transformed forcing function. If assum!
ing the Fourier power of the forcing function only slightly varying with frequency
"hence to be constant in a small frequency interval#, the average power of the solar!
type mode becomes a Lorentzian spectrum with the width defined by the damping
rate. Note, when considering real observations,rather than the ”theoretical” average
spectrum, the power spectrum resembles a random function but with a Lorentzian
envelope. Since the amplitude "and phase# of the stochastically excited and damped
signal randomly varies over time, the Fourier transform enforces artificial beating
frequencies to reproduce this amplitude "and phase# modulations. The statistical
properties of the resulting random power spectrum and thus also the Lorentzian
profile strongly depend on observational constraints, mainly on the total length of
the data set. However, a Lorentzian profile fitted to the observed power spectrum
allows one to determine the mode properties: frequency, lifetime, and mode height.
The Lorentzian profile function used to fit can be written as,
P (ν) =
H
1 + 4(ν−ν0η )
2
, "1.10#
where H and η "the damping rate η = (piτ)−1, with τ being the mode lifetime#
correspond to the height and FWHM of the profile in power, respectively. Thereby
the relation between H and the mode amplitude a "often called the rms amplitude
because it corresponds to the rms scatter the mode yields in the time series# is:
a2 = piηH
T
4
= piηHSD, "1.11#
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Figure 1.8: Artificial time series for a single solar!type oscillation mode and the resulting
Fourier amplitude spectrum centered on the mode frequency. The red line corresponds to
a Lorentzian profile function fitted to the spectrum with the height and FWHM width
indicated by arrows.
where HSD is the height of the Lorentzian profile in the spectral power density1 and
T is the total length of the data set. Consequently, the amplitude of a solar!type
mode depends on T to the same extent as the Fourier noise does "provided that a
regular sampling is given#. Thus it is not su&cient to simply extend the observations
in time to achieve a better signal to noise ratio as it would be the case for a stable
coherent signal whose amplitude is independent from T. The only way to improve
the signal significance is to collect more photons per time interval.
Figure 1.8 illustrates a 100 days long artificial time series of a single but damped
"with a lifetime of 0.5 days# and stochastically re!excited mode and the resulting
Fourier amplitude spectrum. The red line in the latter corresponds to the Lorentzian
profile function fitted to the power spectrum "note, both are shown in amplitude
for better visibility#.
From Equation 1.9 one would expect to be able to predict the mode amplitudes,
1The spectral power density corresponds to the spectral power normalized to the window func!
tion of the observations
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given a model of the stochastic forcing function is available. In principle, stochas!
tic excitation should excite all modes of a star with amplitudes determined by the
forcing function. This is indeed observed in the Sun and a few other solar!type pul!
sators. However, Kjeldsen & Bedding "1995# argued that the frequency of maximum
power scales with the acoustic cuto% frequency "roughly speaking, the maximum
frequency the stellar atmosphere can reflect# and the amplitudes scale as L/M.
Although the excitation of solar!type oscillations and the interaction of convec!
tion and pulsation is not well understood, the realistic simulation of a solar!type
modes is quite easy. An artificial solar!type signal basically consists of a superposi!
tion of damped harmonic oscillations initiated at a random time to a random ampli!
tude. Tests have shown that the resulting overall signature of the signal "its behavior
in the power spectrum# does not depend on the average frequency of “new” excita!
tions "and their amplitude# as long as enough "at least some 10# “events” occur within
the signals lifetime. To yield the correct amplitude it is enough to rescale the rms
amplitude of the time series according to Equation1.11 . For a more detailed descrip!
tion of solar!type signal simulators I refer to De Ridder et al. "2006a# and Chaplin
et al. "1997#.
1.3.1 Solar-type oscillation in sun-like stars
Potentially, all cool stars with convective outer layers should show solar!type oscilla!
tions. But observing these oscillations in stars di%erent from the Sun was hampered
for a long time by the extremely small pulsation amplitudes ranging from only some
ten cm s−1 "or some ppm in luminosity# up to about 2 m s−1 for main!sequence and
sub!giant stars. As high!precision radial velocity measurements from ground and
ultra!precise rapid photometry from space became available, detections of stochas!
tically driven oscillations were reported for several sun!like stars. Examples include
α Cen A "Bouchy & Carrier 2002# and B "Kjeldsen et al. 2005# or Procyon A "Leccia
et al. 2007 for radial velocity observations and Bruntt et al. 2005 for WIRE2 pho!
tometry or Guenther et al. 2007 for MOST3 photometry#. Currently about a dozen
of G! or late F!type main!sequence or sub!giant stars showing solar!type oscillations
are known. For some of them only the detection is reported. For others, like α Cen
A and Procyon, more detailed studies are available including measurements of mode
amplitudes and lifetimes. The latter are on the order of 2 days which is consistent
with mode lifetimes of 2 to 4 days in the Sun. It is expected that at least a large
fraction of all sun!like stars should possess solar!type oscillations. But as it is still an
extremely challenging task to observe this kind of small amplitude variations only
very bright stars are promising and the number of potential targets is very limited.
2Wide$field In'aRed Explorer star tracker photometry
3Microvariability and Osci!ation in STars; a Canadian micro!satellite mission with assistance from
the University of Vienna, Austria
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1.4 Solar-type oscillation on the giant branch
The situation changes for more evolved stars on the sub!giant and giant branch. To!
wards the end of their life, stars like the Sun greatly expand and become red giants.
Just like the Sun they are expected to show stochastically excited and damped os!
cillations and their amplitudes are believed to scale with the stars luminosity!mass
ratio to reach about 50 to some hundred ppm $ compared to only a few ppm for
stars on the main sequence. Consequently, they should be more easily observable
in red giants. However, the larger radius changes the pulsation periods from min!
utes to several hours to days. This again complicates ground!based detection and
frequency identification, especially due to daily aliasing, and calls for long and un!
interrupted observations, which can be best done from space. Despite the fact that
the detection of solar!type oscillations in red giants can be achieved with state of
the art instruments, only a handful of red giant solar!type pulsators are known until
recently. Consider, for example, the K2.5 giant star GSC 09137!03505, a presumed
member of the globular cluster 47 Tuc, where Kallinger et al. "2005# reported excess
power in the low frequency domain based on the Fine Guidance Sensor photometry
of the Hubble Space Telescope. The extracted frequencies are found to be incom!
patible with a sequence of consecutive radial modes and gave hints that also nonra!
dial modes might be excited in red giant stars. Frandsen et al. "2002# found a clear
low!frequency power excess in the radial velocity data of the G7 giant ξ Hya and
derived a characteristic frequency separation compatible with the expected asymp!
totic large frequency separation based on independently derived temperature and
luminosity. Stello et al. "2006# concluded that the lifetimes of modes observed in ξ
Hya are as short as about 2 days similar to what is observed in the Sun. Buzasi et al.
"2000# found clear evidence for solar!type oscillations in the K0 giantαUMa "based
on star tracker data of the WIRE satellite# which are tentatively consistent with a
sequence of radial modes of a 4!4.5M* star "Guenther et al. 2000#. On the other
hand, Kallinger et al. "2008c# found evidence for radial and nonradial modes in the
K2 giant HD20884 based on the guide star photometry of the MOST satellite.
What is actually observed in the power spectra of red giant stars seems to be
matter of debate, though. This is well illustrated with the G9.5 giant ! Oph where
two completely di%erent ways of interpreting the observed power spectrum have
been presented. Analyzing ground!based radial velocity measurements, De Ridder
et al. "2006b# found a power excess in the frequency spectrum around 60µHz, which
they interpret as a single comb of equidistant radial modes. The modest duty cycle
of the observations and the resulting d−1 aliases, however, made it di&cult for them
to pin down the p!mode spacing but they concluded the more reliable value to be
around 5µHz. Triggered by this result !Oph was observed by the MOST satellite
and Barban et al. "2007# claimed to confirm the presence of a single comb of at least
7 roughly equidistant mode profiles. They fitted directly the Lorentzian profiles
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and derived an average model lifetime of∼2.7d, i.e. rather broad profiles. Although
they admit to have no compelling evidence to confirm or disprove the existence
of nonradial modes, they also assume the observed mode to be radial. Both, De
Ridder et al. "2006b# and Barban et al. "2007#, argue in terms of the theoretical
work of Dziembowski et al. "2001# who predicted for the supergiant α UMa that
the nonradial modes should have much lower amplitudes than the radial ones. In a
strict sense, the nonadiabatic red giant models of Dziembowski etal. "2001#, showed
that in between the very closely spaced unstable nonradial modes of a given degree
$ there exist unstable modes that are strongly trapped in the stellar envelope and
which follow the same pattern of frequency spacing as radial acoustic modes. They
correspond to mixed g/p modes. Only in their linear stability analysis, including the
e%ects of turbulent pressure based on the mixing!length formalism, do they predict
amplitudes of the radial modes to be much smaller than observed,with the nonradial
mode amplitudes predicted to be even smaller.
I have re!examined, however, the available data of ! Oph, and have challenged
the results of De Ridder et al. "2006b# and Barban et al. "2007#. In Kallinger et al.
"2008b# we reported on the identification of at least 21 independent modes with a
lifetime between 10 and 20 days, i.e. with narrow profiles, rather than only 7 modes
with broad profiles. Many of the peaks that were previously considered to be part
of the wings of the stochastic realization of a broad Lorentzian profile are now con!
sidered as independent modes. This result is supported by a red!giant model that
matches 18 of the 21 identified frequencies as radial and nonradial modes, and which
is located within±1σ of ! Oph’s independently derived position in the H!R diagram
and the interferometrically determined radius. Furthermore, Hekker et al. "2006#
showed in their analysis of line profile variations for four red giants "including!Oph
# that nonradial modes must be present in at least some of them, again including
!Oph. On the theoretical side, Houdek & Gough "2002# inferred from their model
analysis that the mode lifetimes of ξ Hya should be considerably longer than what
was reported by Stello et al. "2006#.
Summarizing, what was uncertain so far is whether red giants exhibit radial and
nonradial modes with moderate damping or strongly damped radial modes only. Up
to now, no consensus has been reached in the literature of how to interpret the ob!
servations of solar!type oscillations in red giants. This ambiguity can be explained
in the following way: If a given data set is not long enough to clearly resolve the
Lorentzian profiles it is quite di&cult "or utterly impossible# to determine if a given
pattern in the Fourier spectrum is the stochastic realization of a single "but poorly
“sampled”# strongly damped mode, .i.e, with a broad profile, or is due to more than
one close frequencies with significantly longer lifetime, i.e. with narrow profiles.
This problem is illustrated in Figure1.9. The top panel shows the Fourier amplitude
spectrum of two strongly damped modes based on a 30 days long simulated times
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Figure 1.9: Amplitude spectra of 30 days long artificial data sets including two "top# and four
"bottom# solar!type modes with di%erent lifetimes. The dashed lines indicate the theoretical
Lorentzian profiles of the corresponding mode sequences.
series. The bottom panel indicates the amplitude spectrum of the same time series
but now including 4 modes with significantly longer lifetimes. Obviously, the gen!
eral pattern "large peaks with one or more close by slightly smaller peaks# in both
spectra is quite similar and could be easily misinterpreted. Only significantly longer
observations can tell which interpretation is correct. It is therefore of particular
interest to observe red giant stars as long as possible.
This was done only recently by CoRoT4. And indeed, a first processing of the
CoRoT exofield photometric time series "see Kallinger et al. 2008e, De Ridder et al.
2008# has shown that red giants exhibit both radial and nonradial modes which fol!
low the regular pattern of the asymptotic relation,and that for most of the observed
red giants the mode lifetimes are of the order of weeks.
However, if some or all pulsating red giants do have radial and observable non!
4COnvection, ROtation, and planetary Transits; a French!lead satellite mission which is capable to
precisely observe more than 10 000 stars simultaneously for up to 150 days.
30 CHAPTER 1. INTRODUCTION
radial modes with relatively long lifetimes, then these modes will enable asteroseis!
mologists to constrain the deep interiors of red giant stars,as well as to set limits on
the excitation mechanisms. This thesis should provide a first step towards this goal.
I will present a brief description of the theoretical background of red giant mod!
els and how to compute the strongly trapped nonradial modes. I will also recapitu!
late the analysis of !Oph and confirm the published result based on new methods
of how to treat the power spectrum of a solar!type oscillator. And I will show two
examples of the many pulsating red giants observed with CoRoT.
CHAPTER 2
Stellar Modeling
As a first step toward the understanding the nature
of  solar!type  oscillations  in  red  giants, I attempt
to match the observed frequencies with computed
eigenspectra determined from stellar models. These
stellar models describe the overall structure of stars
with di%erent initial configurations at certain points
in their evolution and result directly from stellar evo!
lution theory.
2.1 An abstract of stellar evolution
Being aware that stellar evolution kept "and still keeps# generations of astrophysi!
cists busy and fills volumes of textbooks I will provide a short overview. For more
detailed informations I refer to e.g. Schwarzschild "1958# or Clayton "1968# and ref!
erences therein.
The theory of stellar evolution describes the sequence of radical changes a star
undergoes during its lifetime. These changes occur on timescales mostly much
longer than a human lifetime and are therefore not accessible to direct observations.
Stellar evolution theory is thus based on and tested with observations of many dif!
ferent stars at various evolutionary stages. But as the evolutionary status of many
stars is poorly determined it is very di&cult to compare their properties with mod!
els. Knowing this it is evident that stellar evolution theory still has its weak points
and is far from explaining every last detail of every last star in the universe. But the
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overall evolution is quite well understood.
It is accepted that stars are born out of clouds of gas and dust and their whole
path of life is mainly predetermined by their initial mass and to some extend by the
chemical composition of the matter they are formed from. Roughly speaking, stars
spend most of their lifetime in a very stable configuration, the hydrostatic equi!
librium. This means that the total pressure force "mainly due to the gas pressure#
equals the stars own weight throughout the stellar interior. As most of the matter
in the stellar interior is completely ionized it behaves like an ideal gas and the equa!
tion of state is given by the ideal gas law P · V = n · k · T. Hence an increasing
temperature causes the pressure to increase "for a constant number of particles in a
given volume#. More massive stars have a higher gravity and need a higher pressure
and consequently a higher temperature to resist the gravitational contraction.If the
core temperature exceeds about 107 K, the internal energy of the hydrogen nuclei
is large enough to overcome the electrostatic repulsion and nuclear fusion can take
place. In lower mass stars "below about 1.5 solar mass# the nuclear energy is gained
from the so!called proton!proton chain where four hydrogen nuclei fuse to form
one helium nucleus. Thereby the mass defect "4 H are ∼0.7' heavier than 1 He#
is released mainly as radiation which is "beside the gravitational potential# the main
energy source of a star. This fusion process is, however, rather slow which allows the
stars to burn their hydrogen for a long time. Not so for more massive stars. They
take advantage of their higher core temperatures "above about 108 K# and use the
so!called CNO cycle to fuse hydrogen into helium about a thousand times faster
than the low mass stars. Consequently, they run out of “fuel” on shorter timescales.
Hence one can say that an increased initial mass accelerates stellar evolution with
the resulting lifetimes ranging from millions to billions of years.
To maintain hydrostatic equilibrium also thermal equilibrium has to be ensured.
As perfect thermal equilibrium "i.e. constant temperature everywhere and no flow
of energy# cannot hold in a star, the energy losses have to be balanced by energy
gains. For a contracting star "without nuclear fusion# the virial theorem states that
exactly one half of the decreasing gravitational energy goes into an increase of the
thermal energy "i.e., heating# and the other half is lost as radiation from the stellar
surface. In case of a nuclear burning star,more or less the entire energy at the surface
comes from the energy released from the nuclear processes in the interior. In both
cases, however, the energy has to be transported to the surface. This is done either
by radiative or convective energy transport.
Stellar evolution starts in a giant molecular cloud. External events, such as su!
pernova explosions sending out shock waves or the collision with other molecular
clouds, are needed to trigger the gravitational collapse of the molecular cloud. As
it collapses, the cloud breaks into smaller and smaller fragments and each of these
pieces is heated by the releasing gravitational energy. Finally, the fragments con!
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dense into rotating spheres and rapidly develop a hydrostatic core with a thick dust
envelope hiding the core from view, also known as protostar. After accreting the
surrounding envelope the core becomes optically visible and appears to be what is
commonly called a star. Consequently, the locus in the H!R diagram where stars of
di%erent mass first become visible is called birthline. From now on, the stars con!
tract towards the zero!age main sequence "ZAMS# heating up their cores as well as
their envelopes.
Eventually, the core temperature and density are high enough that thermonu!
clear fusion becomes su&cient to replace the gravitational contraction as the main
energy source and the star has arrived the ZAMS. The star is still chemically ho!
mogeneous "e.g., no enrichment of helium in the core#, the hydrostatic and thermal
equilibrium is given, and the energy is entirely produced by nuclear reactions. This
first eventful phases of stellar evolution take place quite rapidly. Typically, a star
needs some millions of years to reach the ZAMS, short compared to the age of the
Sun, which is believed to be about 4.5 billion years old but is still a main sequence
star.
During the main sequence phase, stellar evolution is driven by the nuclear re!
action. The replacement of 4 hydrogen nuclei by one helium nucleus lowers the
number of particles and causes a decrease in pressure "see ideal gas law#. The core
has to contract to maintain hydrostatic equilibrium and half of the released gravi!
tational energy is used to heat the core which in turn increases the nuclear reaction
rate. This process, however, is slow and a star spends most of its lifetime on the
main sequence.
On the main sequence everything depends on the initial mass "and to some ex!
tent on the primordial chemical composition#. The mass determines under which
conditions the hydrostatic equilibrium is given and therefore determines "together
with the energy transfer from the core to the surface# the radius and surface temper!
ature which in turn determine the luminosity. Stars range in mass, surface temper!
ature and luminosity from about 0.085 solar masses at below 3500 K and less than
10−5 solar luminosities up to more than 50 solar masses at more than 30 000 K and
more than 104 solar luminosities on the main sequence. Their brightness and color
depend on their surface temperature which is mainly defined by their mass. Also
their lifetime is mostly defined by their mass. Whereas hot massive supergiants ex!
haust their core hydrogen within a few million years, cool red dwarf, burn hydrogen
very slowly and stay on the main sequence for hundreds of billions of years.
During the main sequence phase, a star accumulates a helium core. At a certain
point the helium core is too large "about 10' of the initial hydrogen mass# to main!
tain hydrostatic equilibrium for the core if the pressure support is due to an ideal
gas. The core starts to collapse until, again depending on the mass, either the core
is hot enough to start helium burning, or electron degeneracy becomes su&cient to
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resist the core’s weight.
2.1.1 Very low-mass stars
Stars having masses between about 0.085 and 0.5 solar mass are named brown and
red dwarfs, respectively. What exactly happens after a low!mass stops to produce
nuclear energy is not known since their main sequence phase lasts longer than the
universe is old. But it is known that they have not enough gravitational potential to
heat their cores until helium fusion is initiated. It is believed that they directly turn
into a white dwarf after their central hydrogen is exhausted.
2.1.2 Low-mass and intermediate mass stars
From an asteroseismologist’s point of view,the low!mass and intermediate mass stars
are the most interesting stars. The low!mass stars "about 0.5 to 1.5 solar masses# are
the stars that come closest to our Sun and show all types of “solar” phenomena "e.g.,
solar!type oscillations, surface granulation, di%erential rotation, etc.#. During their
evolution, the intermediate mass stars "about 1.5 to 5 solar masses# cross the classical
instability strip twice, as pre!main sequence stars on their way towards the ZAMS
and later in their evolution when they evolve to giants. They cover more or less the
entire zoo of variable stars, like δ Scuti stars, γ Doradus stars, roAp stars, or slowly
pulsating B stars, but also solar!type pulsators as well as pulsating white dwarfs.
Since this thesis is focussed on low and intermediate mass stars having already
left the main sequence I will comment a bit more on their evolution between the
drop o% the main sequence and the onset of the helium core burning. The track of
some model stars in the H!R diagram during this evolutionary phase is illustrated
in Figure 2.1.
The ongoing conversion of hydrogen to helium on the main sequence increases
the mean molecular weight and thus the number of free particles in the central re!
gion, which consequently would decrease the ideal gas pressure. To compensate
this, the central density and temperature has to increase via contraction to support
the weight of the outer layers. This might be complicated by core convection. But
the result is the same. A hotter and denser helium core is gradually synthesized "be!
tween point 1 $ 2 in Figure 2.1#. During core hydrogen depletion "2#, the increased
temperature excites hydrogen burning in the surrounding hydrogen rich shell which
takes over the stellar energy production "3#. The next phase of evolution "3 $ 4# is
dominated by a rapid expansion of the envelope "the region above the hydrogen!
burning shell#. Roughly speaking, with the increasing core luminosity the envelope
expands to maintain a constant surface luminosity. During expansion, the enve!
lope cools down which in turn decreases the amount of luminosity it can transport
via radiation. This accelerates the expansion and the star heads to the cool side of
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Figure 2.1: H!R diagram showing pre!main sequence "dotted lines# and post!main sequence
"full lines# evolutionary tracks for di%erent initial masses from the Hayashi track across
the birthline and the ZAMS up to the onset of the core helium burning. The color!scale
indicates the stellar radius "note the logarithmic scale#. Sections between the labeled dots
on the post!MS tracks represent di%erent phases of stellar evolution described in the text.
the H!R diagram. At some point "4# the envelope losses its ability to transport en!
ergy via radiation and the core luminosity becomes trapped in the envelope which
forces further expansion. What avoids the ultimate catastrophe is the onset of e&!
cient convection where the thermal energy is transported via the materials buoyancy.
Subsequently, the outer convective zone rapidly develops inwards "see Figure 2.2#.
Stars with lower mass follow a di%erent way to the giant branch. They already
have a convective envelope on the main sequence. The rising core luminosity after
hydrogen depletion is more e&ciently dissipated and the star is not forced to expand
so much before reaching the giant branch.
Finally, all low and intermediate mass stars follow a quasi Hayashi track "5 $ 6#
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Figure 2.2: Evolution of the stellar radius and the lower boundary of the convective envelope
"shaded area# for a 2 solar mass model from the ZAMS "left# up to the onset of helium core!
burning "right#.
until the core is hot enough to start helium burning. For the low mass stars, ex!
plosive core helium!burning takes places along the horizontal branch and the star
heats up again "at about constant luminosity# as helium is fused to carbon. After he!
lium depletion other nuclear fusion processes occur on the asymptotic giant branch
before the stars reach their final stages. However, helium burning is very sensitive
to temperature. Even small changes in temperature can cause huge thermal pulses
which might assign as much kinetic energy to the outer layers that they are ejected.
The ejected matter then form a planetary nebula. The remaining core shrinks till
its gravitational collapse is stopped by the electron degeneracy pressure. The now
extremely hot core has become a white dwarf which is slowly emitting its thermal
energy before becoming nearly invisible "below about 2000 K#.
2.1.3 Massive stars
Similar to the lower mass limit defined by the minimum mass needed to initiate
nuclear fusion, there exists also an upper mass limit. Stars with more than about
120 solar masses cannot exist because their outer layers would be blown o% by the
extreme luminosity.
Concerning the evolution of massive stars one can roughly say that the relative
luminosity changes are smaller than for lower mass stars when they cool and expand
during the hydrogen shell burning. Thus they follow nearly horizontal lines in the H!
R diagram when becoming red supergiants. Their cores are large enough that helium
burning will occur before the electron degeneracy pressure plays a role. However,
even more massive stars are so luminous to strip o% their own envelopes by stellar
winds before they expand and cool. Hence they do not move to the red part of the
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H!R diagram but stay at very high surface temperatures.
In massive stars, electron degeneracy is not su&cient to stop the contraction of
the larger core and gradually heavier elements are burned to temporarily prevent
the collapse of the core. The nucleosynthesis process stops at iron!56 because to
fuse iron would need more energy than it generates. Heavier elements are thus
formed by neutron capture. If the core is less massive than about 1.44 solar masses
"Chandrasekhar limit# the star will proceed its evolution as a white dwarf.Above this
limit, the electron degeneracy pressure cannot prevent further contraction and the
core will collapse into a neutron star stabilized by the pressure of the degenerated
neutron gas "thereby the pressure is so large that the electrons are squeezed into
the atomic nucleus#. For even higher core masses "about 3 solar masses $ Tolman!
Oppenheimer!Volko% limit# no physical force exists strong enough to balance the
gravitational force and the core implodes to a black hole.The sudden collapse of the
core, however, releases an enormous amount of gravitational energy. Due to a not
completely understood process, the released energy is converted into kinetic energy
yielding to supernova explosion of the stellar envelope.
2.2 Modeling stellar evolution
First attempts to describe the interior structure of stars where already made in the
19th century "Lane 1869#. But due to a lack of knowledge about atomic reactions this
first e%orts yield only insu&cient models. The basic idea, however, was established
and Eddington "1926# included a description of the transport of energy.But it was M.
Schwarzschild who first calculated evolutionary models for the Sun "Schwarzschild
et al. 1957# by solving the equations of the conservation of mass, momentum, and
energy and the equations of the transport of energy "Schwarzschild 1958#. Later on,
Böhm!Vitense "1958# included the mixing!length theory of convection. Although
her theory is a simplified description of the convective transport of energy,it allows
to parameterize the convective flux by a single parameter,the mixing!length param!
eterα. This is defined as the average length "normalized to the pressure scale height#
a convective element raises before merging with its environment.For stars with con!
vective envelopes, the mixing!length parameter is of particular interest because it
sets the temperature gradient in convective regions and thus defines the location of
the stellar surface. On the other hand, the initial helium mass fraction mainly con!
trols the radiation rate and thus a star’s luminosity. But since helium is not visible in
the optical spectrum of late!type stars "their surface temperature is not hot enough
to ionize helium#, no observational constraints are available for these stars "includ!
ing the Sun#. Therefore the helium abundance and the mixing!lenght parameter are
used to adjust a solar models luminosity and radius to the observed values.Typically,
these calibrated values are used to construct models of other stars.
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By means of helioseismology, solar "and subsequently also stellar# modeling got a
next breakthrough that lead to improved neutrino physics, better opacities, a plau!
sible di%usion theory, and finally to a solar model that di%ers from observations by
less than 0.5'.
To study the physical e%ects stars have to undergo during their evolution it is an
appropriate way to use computer programs. In the early days the models had to be
quite simplistic to meet the at that time available computing power.But with the de!
velopment of computers also the evolutionary models became more sophisticated.
Nowadays, stellar evolution calculations include a lot of di%erent input physics and
provide a suitable image of how stars are built and how they evolve. Various re!
search groups around the world have developed stellar evolution codes. Prominent
examples are:
Paczynski cod% "Paczy(ski 1970#, originally developed in the 1960’s by Bohdan Paczyn!
ski "Princeton University# but which is now shareware, free to modify for ev!
erybody.
CESAM (Code d ’Évolution Ste!aire  Adaptatif  et  Modulaire) code "Morel 1993, Berthomieu
et al. 1993# developed by Pierre Morel from Nice Observatory "France#.
Yale Rotating ste!ar Evolution Code *  YREC "Demarque et al. 2007 and references
therein# which was developed by Pierre Demarque and his students at Yale
University "US#.
Thanks to David Guenther from Saint Mary’s University "Canada#, who was
heavily involved in the development of YREC from the early stages on, I got di!
rect access to YREC and he also taught me how to use it.
2.2.1 The Yale Rotating stellar Evolution Code – YREC
YREC is a stellar evolution code continuously evolved over decades by implement!
ing the to date best available physics. Although it includes extensions to model the
e%ects of rotation "and it has the word “rotating” in its name# it is primarily used in
its nonrotating configuration.
According to Guenther et al. "1992# and Demarque et al. "2007#, YREC solves
the four first!order equations of stellar structure "Schwarzschild 1958# by using the
Henyey relaxation method1 "Henyey et al. 1964# with the mass as the independent
1In the Henyey relaxation method, the stellar model is divided into n concentric shells and the
four di%erential equations of stellar structure are converted for each shell into di%erence equations of
adjacent shells. The resulting 4"n + 1# linear equations, together with the boundary conditions "at the
center and shells boundaries# can be solved with standard numerical techniques and give iteratively
approximate corrections to the previous model until the corrections satisfy a convergence limit.
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variable "Lagrangian formulation#. Independent from that, a nuclear reaction net!
work "proton!proton chain, CNO cycle, etc.# is solved for each mass shell with
reaction rates from Bahcall "1989# and Bahcall & Pinsonneault "1992#.
A critical point in calculating stellar models is the distribution of the shells, es!
pecially during the shell burning phases. For example, at the point of the helium
flash, the hydrogen burning shell of a one solar mass model consist of only 0.01' of
the total mass. YREC, however, keeps track on that and redistributes the shells if
necessary. Typically, a model consists of about 2000 shells covering, roughly equally
distributed, the interior, the envelope, and the atmosphere "which is usually gray in
the Eddington approximation#.
At low temperatures "log T < 5.5#, the particle density is determined from the
Saha equation for single ionized hydrogen and metals and for single and double
ionized helium. For higher temperatures, all elements are assumed to be fully ion!
ized. In a transition region "5.5 < log T < 6#, weighted averages are used. The ver!
sion of YREC used for this work adopts the OPAL equation of state "EOS# from
Iglesias & Rogers "1996#, OPAL opacities in the interior "Rogers & Iglesias 1994#,
and low!temperature opacities from Alexander & Ferguson "1994# for the envelope.
The latest version uses the OPAL EOS from Rogers & Nayfonov "2002# and low!
temperature opacities provided by "Ferguson et al. 2005#. For each mass shell the
opacities and EOS values are determined by interpolation from the corresponding
tables.
In its standard mode, YREC takes into account the corrections for radiation
pressure and electron degeneracy. Gravitational settling due to di%usion of helium
and/or heavy elements can either be ignored or implemented as described by Thoul
et al. "1994#.
Typically, evolutionary calculations start with a ZAMS model, which is rescaled
to the user defined mass, chemical composition, and mixing length parameter "and
used physics#, and then evolved up to a predefined age "or a maximum number of
models#. YREC includes a small library of ZAMS starting models which are con!
structed by evolving Lane!Emden polytypic models "Chandrasekhar 1957# from the
Hayashi track to the ZAMS. The evolution itself is performed by relaxing a new
model after changing the time term of the energy equation which describes the rate
of change of entropy due to evolutionary expansion or contraction of the previous
model. The time stepping is either automatically optimized or specified by the user.
YREC can automatically calculate stellar models in di%erent modes:
Calibrated solar models: YREC computes a calibrated solar model based on user de!
fined age, primordial chemical composition "and model physics# by varying
the initial helium abundance and mixing length parameter until a model meets
the solar radius and luminosity "within specified tolerances# at the solar age.
Guenther et al. "1992# has shown that di%erent model physics "e.g., di%erent
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opacity tables# lead to di%erent helium abundances and mixing length param!
eters. Hence both parameters are di&cult to compare with values from other
evolutionary calculations because they very much depend on the used model
conditions.
Calibrated ste!ar models: Similar to calibrated solar models. But, as mostly the stellar
age is unknown, YREC changes the model mass and either the helium abun!
dance or mixing length parameter until a track meets a given point in the H!R
diagram.
Model grids: YREC is able to automatically compute large grids of models falling
along sets of evolutionary tracks with predefined properties. This feature is
used in the present work to construct dense grids of red!giant models for a
subsequent pulsation analysis.
2.2.2 The “standard” model grid
I have constructed a set of evolutionary tracks with mass ranging from 0.8 to 5.0M*
from the ZAMS up to the late giant branch. To do so, one has to prepare a config!
uration file for each track and start YREC in a batch mode where the evolution is
executed track by track. On average each track consists of about 1 550 individual
models resulting in a total number of about 34 000 models.
Table 2.1: Input physics and parameters of the standard grid.
Input Parameters Description
Solar mixture ................................................ Grevesse & Noels "1993#
OPAL95 Rosseland mean opacities ........... Iglesias & Rogers "1996#
Low!temperature opacities ......................... Alexander & Ferguson "1994#
Equations of state ........................................ Rogers et al. "1996#
Energy generation rates ............................... Bahcall & Pinsonneault "1992#
Convective core overshoot ......................... no
Helium di%usion ........................................... no
Mixing length parameter ............................. α = l/Hp = 1.80
Primordial helium and metal abundance ... "Y, Z# = "0.28, 0.02#
Mass ............................................................... 0.8 $ 5.0 M* with dM=0.2
Instead of using YREC to calibrate the mixing length parameter and helium
abundance, standard values for the mixing length parameter α = 1.8 and the helium
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Figure 2.3: Theoretical H!R diagram showing a set of YREC evolutionary tracks from the
ZAMS up to giant branch. Also given is the classical instability strip "Pamyatnykh, private
comm.#.
and metal abundance "Y, Z# = "0.28, 0.02# are used for constructing the grid. The
corresponding one solar mass track meets the solar radius and luminosity at an age
of about 4.45 Gyr which is in good agreement with the commonly adopted solar age
of 4.5 Gyr "Guenther et al. 1992#. A summary of the used physics and parameters is
given in Table 2.1. The evolutionary tracks are shown in Figure 2.3.
To allow the comparison with other evolutionary models, the e%ective temper!
ature "Teff#, luminosity "L#, radius "R#, surface gravity "g#, mass fraction of the con!
vective core "Mcc# and envelope "Mcenv#, radius fraction of the convective envelope
"Rcenv#, and the core pressure "Pc#, temperature "Tc#, and density "ρc# at key points
in the evolution "see labels in Figure 2.1# of a two solar mass track are given in Ta!
ble 2.2. The same models internal distribution of the pressure "P#, density "ρ#, speed
of sound "c#, luminosity "L#, adiabatic exponent "Γ1#, and temperature "T# are plotted
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as a function of the radius fraction in Figure 2.4.
Table 2.2: Selected model structure properties "see text# at key points in the evolution of a 2
solar mass model "see Figure 2.1#. 1: ZAMS; 2: core hydrogen depletion; 3: onset of hydrogen
shell burning; 4: development of a convective envelope; 5: dip of the giant branch; 6: around
the onset of helium core burning
Label Age "Gyr# logTeff logR/R* Mcc Rcenv logTc
logL/L* log g Mcenv logPc logρc
1............ 0.006 3.958 0.209 0.268 0.992 7.326
1.202 4.320 3E!09 17.268 1.814
2 ............ 0.890 3.857 0.469 0.142 0.987 7.408
1.319 3.780 3E!08 17.255 2.016
3 ............ 0.922 3.904 0.430 0.038 0.997 7.479
1.427 3.880 2E!08 17.636 2.358
4 ............ 0.974 3.817 0.613 0.000 0.968 7.457
1.447 3.513 9E!07 18.899 3.580
5 ............ 0.990 3.722 0.640 0.000 0.512 7.680
1.120 3.459 0.533 19.969 4.339
6 ............ 1.060 3.644 1.333 0.000 0.037 7.778
2.196 2.071 1.675 21.564 5.430
2.2.3 Changing the mixing length parameter and the chemi-
cal composition
As already mentioned, no a priori constraints can be made on model parameters
which are not observable "like the mixing length parameter or the helium abun!
dance in cool stars#. Thus they can be used to tune other model parameters which
can be compared with observations. In the case of the Sun, the mixing length pa!
rameter and helium abundance are used to control the models radius and luminosity,
respectively. But how does this work on the giant branch?
Figure 2.5 illustrates a two solar mass evolutionary track of the standard model
grid "full!line# along with the same track but with a di%erent mixing length param!
eter "dashed line# and initial chemical composition "dashed!doted line#. Changing
the composition "Y, Z# from "0.28, 0.02# to "0.29, 0.01# has a similar e%ect on the
track as increasing the mass. The entire track is shifted to higher temperatures and
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Figure 2.4: Selected stellar structure properties as a functions of the radius fraction. The
labels 1 ! 6 correspond to the labels in Figure 2.1 and Table 2.2.
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luminosities. On the other hand, increasing the mixing length parameter shortens
the shell burning phase and let the star not expand "and cool# so much before reach!
ing the giant branch. On the giant branch, however, both tracks are very close to
each other which means that models of both tracks have similar envelope properties
"temperature, luminosity, and radius# at a given point in the H!R diagram but di%er
in the interior due to di%erent mass and composition.
The pattern of stellar oscillations is defined by the sound travel time and thus
the stellar density. For example, the large frequency separation is sensitive to the
speed of sound in the outer layers. Hence stars with similar envelope properties
"mainly defined by the radius# have similar oscillation spectra. But as the small fre!
quency separation is sensitive to the gradient of the speed of sound in the stellar
interior, it serves as indicator for the core properties. Consequently, when fitting
observed frequencies to models oscillation spectra, the separation of consecutive
radial overtones constrain the fitting models to fall along ridges of constant mean
stellar densities and the separation between mode sequences with di%erent degree
$ fixes the best fitting models on this ridges. Details in the oscillation spectra, like
the curvature of a mode sequence "see Figure 1.6#, are sensitive to more local phe!
nomena, like the depth of the convection zone or core overshooting.
! = 
! = 
Figure 2.5: H!R diagram illustrating how the evolution of a star reacts on changing the e&!
ciency of convection or the primordial chemical composition.
For main sequence and sub!giant stars the large and small frequency separation,
and sometimes also the detailed structures along the mode sequences, are much
larger than the usual observational uncertainties. Hence, although it is not straight
forward, the observed frequency spectrum can be used to precisely constrain fun!
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damental parameters and discriminate di%erent e%ects. But for red giants the char!
acteristic frequencies scale down with the increasing radius and became at a certain
point comparable to the observational errors. For example, the large frequency sep!
aration for a one solar mass red giant with ten solar radii is expected to be roughly
4.3µHz which is only several times larger than usual frequency uncertainties of some
tenth of a µHz. It is therefore not surprising that changes in the detailed structure
of oscillation spectra of red giants due to various e%ects get lost in the observational
uncertainties. One cannot expect to determine well, e.g., the initial composition in
addition to the position in the H!R diagram based on the observed frequencies only.
However, for the example shown in Figure 2.5 this could mean: I can find a best
fit between observed and model frequencies for, e.g, a model somewhere on the 2
solar mass track with some temperature and luminosity. It now turns out that inde!
pendent observations reveal a somewhat hotter e%ective temperature for the star.
I can now use a grid where the models were constructed with a di%erent mixing
length and will find a new best fit that also has the correct temperature. But chang!
ing the initial chemical composition has a similar e%ect. Because of their di%erent
age and internal structure, the oscillation spectra of models with di%erent initial
parameters do not look exactly the same at a given point in the H!R diagram. On
the giant branch, the resulting deviations in the oscillation spectra are most likely
within the observational uncertainties and one cannot decide if the star is e.g.metal
poor or has a more e%ective convection by using the observed frequencies only. On
the other hand, a known surface metal abundance fixes this free parameter. For red
giants it is a valid approximation to correlate the overall metal mass fraction with
the atmospheric metal abundance. It is then possible to better constrain the mix!
ing length parameter by finding a model that fits the observed frequencies as well as
independently determined parameters like temperature, luminosity, surface gravity,
or radius.
2.3 Pulsation analysis
Stellar oscillations are treated as the reaction of a sphere to small perturbations from
its equilibrium state. The resulting equations and boundary conditions of stellar
structure form an eigenvalue problem for these perturbations and give non!trivial
solutions only for distinctive values of the frequency, the eigenfrequencies of the
system. Obviously, the eigenfrequencies depend on the structure of the equilib!
rium model which represents the basic principle of probing stellar structures with
oscillations.
The perturbed versions of the hydrodynamic equations of mass,momentum, and
energy conservations together with the boundary conditions form the system of lin!
ear nonradial oscillation equations with the solutions giving the complex eigenfre!
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quencies of the system. While the eigenfrequency’s real part is the mode oscillation
frequency, the imaginary part provides information on the damping of the mode
"the negative imaginary part is usually called the growth rate#. A positive imagi!
nary part indicates a stable mode which means that the oscillation is damped with
an exponentially decaying amplitude. If the imaginary part is negative, the mode is
unstable and the oscillation is excited with an amplitude limited by non!linear nona!
diabatic e%ects. Solving the eigenvalue problem gives not only the eigenfrequencies
but also the eigenfunctions of the perturbations, i.e., the radial and horizontal dis!
placement vector as a function of radius. They do not give the absolute amplitude
of the motion, which is fixed by non!linear e%ects or external forces, but give the
relative amplitude along the radius of the star. This is in particular useful when
investigating in which region a mode is driven or to relate the observable surface
amplitude to the total energy of the mode.
To simplify the calculation,the oscillation frequencies are often computed in the
adiabatic approximation, where the equation of energy conservation is decoupled
from the equations of mass and momentum conservations by assuming the entropy
to be constant within a pulsation cycle. The resulting problem is easy to solve accept!
ing that no conclusions on the driving or damping of the modes can be made.When
taking into account nonadiabatic e%ects, the computation of the eigenfrequencies
is much more di&cult. A set of di%erential equations of 12th order has to be solved
compared to a 4th order system in the adiabatic case. The treatment of the e%ects
of nonadiabaticity is, however, still very uncertain since it is di&cult to model the
coupling of p modes with convection, because there is no definite time!dependent
theory of convection. Usually, only radiative gains and losses are considered in the
nonadiabatic equations which might be a problem for stars with deep convective
envelopes, like red giants. However, the e%ect of nonadiabaticity on the oscillation
frequencies is known to be small, on the order of 0.1' "Ando & Osaki 1975#.
2.3.1 Guenther’s nonadiabatic nonradial pulsation code – JIG
JIG is an automatic routine designed to calculate oscillation frequencies and eigen!
functions for YREC models. According to Guenther "1994#, it solves the linearized
adiabatic and nonadiabatic nonradial oscillation equations by using the Henyey re!
laxation method. In the nonadiabatic case, the equations to solve consist of 6 com!
plex first!order di%erential equations describing the radial and horizontal compo!
nents of the displacement vector, the Eulerian perturbation of the gravitational po!
tential and its radial derivative, the Lagrangian variation of the entropy, and the
Lagrangian variation of the radiative luminosity. The nonadiabatic equations only
take into account radiative gains and losses but include both the di%usion approxi!
mation and Eddington approximation for the treatment of the radiative flux.E%ects
of magnetic fields and rotation are ignored.
2.3. PULSATION ANALYSIS 47
In its interactive mode, JIG calculates the eigenfrequency of a mode with a pre!
defined degree $ and an initial guessed frequency. In its automatic mode, JIG simply
scans through the entire frequency range up to the acoustic cuto% frequency for a
predefined $ range in steps significantly smaller than the characteristic frequency
separation. In any case it has to perform the following steps to arrive at a solution:
• By using the specified $!value, the guessed frequency, and the sound speed
from the model, JIG estimates the position of the inner turning point2. From
that, the innermost shell is set at the radius where the radial eigenfunction is
108 times smaller than at the inner turning point. Neglecting shells below the
thus identified innermost shell avoids numerical instabilities below the inner
turning point which is an important point for the present work. But more on
that later "next subsection#.
• The adiabatic equations are solved by using the Henyey relaxation method
based on an initial guess for the adiabatic eigenfunction which is determined
from solving the same equations,but with the outer mechanical boundary con!
dition removed.
• The work integral3 is calculated from the solution of the nonadiabatic equa!
tions, solved with the outer mechanical boundary condition removed, and by
assuming that the eigenfrequency is equal to the adiabatic frequency.
• Finally, the full nonadiabatic nonradial oscillation equations are solved based
on an initial guess from the work integral eigenfunctions.
JIG provides the adiabatic frequency, the real and imaginary part of the nonadia!
batic frequency, and the radial order for all modes up to the upper frequency limit
"which is usually the acoustic cuto% frequency# for the defined $!range as well as
the small and large frequency separations for a given stellar model. Currently many
other programs are available to calculate eigenfrequencies of stellar models.Among
them, JIG has the big advantage that it is very stable. It is especially designed to au!
tomatically execute large grids of models. To do so, stability is a basic requirement.
To determine a full set of frequencies "$ up to 3# takes about 60 to 90 seconds on
an Apple G5 2GHz computer. Hence the calculation of large grids of ten to hundred
thousands of models is a very time consuming process and can take weeks, even on
cluster computers.
2The inner turning point of a mode is where the mode’s frequency is equal to the Lamb frequency.
Outside, the mode is a p mode.
3The work integral is the amount of energy gained or consumed by the oscillation during one full
cycle at a given radius.
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Figure 2.6: The evolution of radial p modes from the fundamental mode to the acoustic
cuto% frequency for models along a two solar mass track from the ZAMS up to the giant
branch.
2.3.2 Nonradial modes on the giant branch – trapped modes
As illustrated in Figure 2.6 for radial p modes, the eigenspectrum of a star moves to
lower frequencies and gets denser when the star evolves towards and on the giant
branch. At the same time, the gradient of the mean molecular weight increases
and enhances the buoyancy!restoring force and thus the Brunt!Väisälä frequency
which in turn allows the g modes to propagate at higher frequencies. Eventually,
the p!mode frequencies of more evolved stars reach a frequency regime where the
star has also the ability to exhibit g modes, i.e, there are regions in the star where
the mode frequencies are below the Brunt!Väisälä frequency "see Figure1.5# and the
p modes become gravity modes. Consequently, and as pointed out by Guenther
et al. "2000#, nonradial modes in red giant stars are high!order g modes with a p!
mode character in the outer layers, so!called mixed "or bumped# modes. Recall that
g modes are very densely packed in frequency with separations much smaller than
the p!mode spacing. Hence, if excited at the surface, the nonradial mixed modes
would fill up the frequency range between consecutive radial p modes, which has
not been observed so far.
Indeed, it has been suggested by several authors "e.g., Barban et al. 2007, Stello
et al. 2006# that only radial p modes should be observable in giants owing in part to
the complex frequency spacings of nonradial mixed modes.The theoretical position
is unclear. The nonadiabatic models of Dziembowski etal. "2001# show the existence
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Figure 2.7: "Figure taken from Dziembowski et al. 2001#: Modal inertia in units of 3MR2,
plotted against frequency. Individual nonradial modes are not resolved. The symbols are
displayed only for those that are locally most trapped. Dp = 0 means that all nonadiabatic
e%ects in the outer layers are ignored.
of strongly trapped unstable "STU# nonradial modes in between very closely spaced
modes of the same degree $ "see square and triangle symbols in Figure2.7#. The STU
modes have the "locally# lowest modal inertia4 and are hence trapped in the p!mode
cavity "M!. A. Dupret, private communication#. They follow the same pattern of
frequency "large frequency separation# spacing as radial acoustic modes and meet
the asymptotic relation in terms of their position relative to the radial modes, i.e.,
dipole modes are located in between two radial modes and quadrupole modes are
slightly below the radial modes, separated by the small frequency separation.
In general, the mixed nonradial modes in red giant models are high radial or!
der g modes with p!mode character in the envelope. Towards the center the ever
faster oscillating radial displacement eigenfunctions lead to a problem in finding the
innermost shell, which must be taken into account when calculating the eigenfre!
quencies. Remember, JIG uses the shell inward the turning point where the value
of the radial eigenfunctions is 108 times smaller than it is at the turning point. The
densely packed fluctuations in the radial displacement eigenfunctions heavily strain
4The modal inertia is the ratio between the modal mass, the mass fraction that is a%ected by the
mode, and the total mass and thus a measure for the normalized inertia of the mode.
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µ
µ
Figure 2.8: Echelle diagram illustrating radial "red diamond symbols# and nonradial mixed
"green diamond symbols# modes of a two solar mass standard model on the giant branch.
The filled circles correspond to modes determined when JIG is forced to ignore the inner
10' "in radius# of the model.
the numerical calculations and can lead to numerical instabilities that prevent con!
vergence of a solution. Consequently, JIG picks up only an arbitrary number of
modes out of the dense spectrum of nonradial mixed modes. An example is shown
in Figure 2.8 with radial "red diamond symbols# and nonradial mixed modes "green
diamond symbols# for a two solar mass standard model on the giant branch "46 L*,
1.02 Gyr#.
However, even when calculating all nonradial mixed modes it is not possible to
identify the STU modes among them. To avoid this complications, it would be nec!
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Figure 2.9: Scaled radial displacement eigenfunctions for two nonradial modes of the same
model as used for Figure 2.8. Colored lines give the eigenfunctions when ignoring the inner
part of the model and black and grey lines show the eigenfunctions of the two closest solu!
tion for the entire model. Vertical doted and dashed!doted lines indicate the location of the
inner turning point and base of the convective envelope, respectivley.
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essary to force the code to ignore the entire g!mode cavity of the models,i.e. to solve
the equations only for the model region above the inner turning point.In its current
version, JIG is not able to automatically consider only the p!mode cavity. But JIG
allows the user to fix the inner boundary condition to a given value. Doing so, one
can determine the trapped nonradial modes interactively by adjusting stepwise the
inner boundary condition for each individual mode. Obviously, it is not practica!
ble to calculate sets of eigenfrequencies for a larger number of models by hand "the
implementation of the automatic determination is still in progress#. But, although
it is formally not correct, it is a good approximation to fix the inner boundary to
a specific value for all modes, even for a large range of models. It is then possible
to automate the calculation of eigenspectra of large model grids. Intensive testing
has shown that a feasible value for the inner boundary is 10' of the radius. To ver!
ify this, Figure 2.9 illustrates that the mode eigenfunctions in the outer 90' of the
model "which is the same model as used for Figure2.8# are practically the same if the
inner part of the model is used or not. Compared are the scaled adiabatic radial dis!
placement eigenfunctions calculated with a fixed inner boundary "colored lines# and
the two closest solutions found when considering the entire model "black and grey
lines#. As previously described, the eigenfunctions start to heavily fluctuate near
the core for the latter leading to very high radial orders in the g!mode part of the
model. The locations of the inner turning points are indicated by the vertical dotted
lines. For reference, the base of the convective envelope is also given "dashed!doted
lines#. As expected, the frequencies di%er only by a small amount "less than 0.3 and
0.05' for the $ = 1 and 2 mode, respectively# if the inner part of the model is used
or not. Small enough to not significantly a%ect the comparison between observed
and model frequencies. The thus determined nonradial trapped modes were tested
for several red giant models of the standard model grid. Finally, the complete set of
nonradial trapped modes "with $ up to 3# is shown in Figure 2.8 "color!filled circles#.
Beside the nonradial modes, also the radial modes are a%ected when ignoring
the inner part of the model. They are practically the same for low radial orders, but
start to deviate for increasing frequencies $ in any case by less than about 0.2µHz.
It has to be mentioned that the deviations from the “real” radial "but also nonradial#
frequencies are not stochastic but systematic which makes the deviations less severe
when comparing model eigenspectra to observed frequencies.
Summarizing, it can be said that among the densely packed nonradial mixed
modes of red giant models exist modes which are strongly trapped in the p!mode
cavity. Consequently, their frequency is mostly defined above the inner turning
point and they can be determined to a su&cient accuracy by ignoring the inner!
most part of the model.
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2.3.3 The standard giant model grid
Figure 2.10: Same as Figure 2.3 but with red dots indicating the “pulsed” models.
I have computed radial and nonradial trapped modes with mode degree$ up to 3
for more than 9500 models of the standard model grid during their H!shell burning
phase. The grid details can be found in Table 2.1. The model sequence is shown in
Figure 2.10 "red dots# and starts at the red border of the classical instability strip for
the high mass tracks and approximately at the onset of the H!shell burning for the
low mass models. The part of the grid for which radial and nonradial eigenfrequen!
cies are computed spans a temperature and luminosity range of about 5500 K down
to 4360 K and 1 to 1000 solar luminosities, respectively. The grid presented in fig!
ure 2.10 was originally constructed for demonstration purpose only. But although
its resolution in mass is not su&cient for a detailed analysis, it can be used to get an
idea about the structure of an observed eigenspectrum.
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2.3.4 Mode matching
In order to understand the nature of oscillations it is an appropriate method "see e.g.,
Guenther & Brown 2004, Guenther et al. 2005# to compare the observed frequen!
cies with eigenspectra from stellar models. To quantify how well two oscillations
spectra match each other, a χ2 formulations is used. It is thereby expected that the
minima in χ2 can be found in regions of the grid, parameterized by mass, age, and
composition, where the observed frequencies match the model eigenspectra. The
χ2 is defined by
χ2 =
1
N
N∑
i=1
(νobs,i − νmodel,i)2
σ2obs,i
, "2.1#
where νobs,i and νmodel,i are the observed and matched model eigenfrequency of the
ith mode, respectively, σobs,i is the uncertainty of the observed frequency, and N is
the total number of modes used for the fit. This approach provides a reliable and
unbiased estimate of how well a set of observed frequencies coincides with a model
eigenspectrum. A value of χ2 ≤ 1.0 means that, on average, the model frequencies
are within the uncertainty of the matched observed frequencies. There is, however,
almost always more than one model withχ2≤ 1.0, indicating that the set of observed
frequencies "and uncertainties# is not su&cient to uniquely identify a model. In this
case, additional stellar parameters "such as independently determined temperature
and/or luminosity# are necessary to narrow the parameter space of the model search.
The uncertainties of the observations play an important role in this analysis. Often
it is not possible to accurately determine the frequency error and only estimated
values are used. The χ2 is then only a relative measure of how well the models fit
the observations. In this context it has to be mentioned that for a qualitative analy!
sis of how well a model fits the observed oscillations also uncertainties of the model
frequencies have to be considered, e.g. by using the sum of observed and model un!
certainties in equation 2.1 instead of observed errors only. But as it is quite di&cult
"extensive computations would be necessary# to derive the model uncertainties they
are not considered in this work.
Figure 2.11 illustrates an example for the fitting procedure. The radial and nonra!
dial modes shown in Figure 2.8 are used as test frequencies where only modes with
$ = 0,1, and 2 are used with frequencies between 20 and 80µHz "30 modes in to!
tal#. In a first step, the uncertainties of the “observations” are assumed to be zero
"i.e. very small, to avoid divisions by zero# and the fitting procedure is restricted
to search only for modes with $ ≤ 2. The result is shown in panel a. Only models
with a χ2 below 1 are indicated by colored dots, where the color!scale gives the χ2
value "the scale is plotted in panel d#. And indeed, the input model "black square#
is identified as the best fitting model. The fact that more than one model is found
with χ2 ≤ 1 results from the although very small, but non!zero uncertainties for
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Figure 2.11: Theoretical H!R diagram showing the standard red giant model grid "black
dots# and model fits "colored dots# to subsets of the radial and nonradial frequencies shown
in Figure 2.8. The color scale gives the χ2 value from the di%erences between input and
model frequencies, where the scale is limited to values less than 1 indicating that the model
frequencies are on average within 1σ of the uncertainties of the input frequencies. The
di%erences in the panels are described in the text.
the input frequencies. To demonstrate the e%ect of observational uncertainties, a
random Gaussian!distributed error of ±0.1µHz is added to the 30 input frequen!
cies. The resulting fit is shown in panel b. The models with χ2 below 1 fall onto
a ridge of models with equal large frequency separation, ∆ν, which is well defined
due to the large number of consecutive modes. Along the ridge, the minimum in χ2
is defined by the relative position of the di%erent mode sequences "e.g., the small
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frequency separation, δν#. Since the ratio σobs/δν is always larger than σobs/∆ν and
δν is also more sensitive than∆ν, the large frequency separation "mainly defined by
the stellar radius# is always better constrained than the small frequency separation
"mainly defined by the core mass# leading to a narrow but more or less extended
ridge of formally fitting models. As it is almost never the case that one has access
to a fully populated frequency spectrum I have restricted the 30 modes to 5 ran!
domly chosen for the next test. The resulting fit is shown in panel c. Although the
best fitting model still matches the input model, the large frequency separation is
less well constrained. There appears a second ridge at half the correct value. For
an unique identification of ∆ν the input frequencies have to include a number of
consecutive modes of the same degree $. Otherwise, half or double "or even higher
order# values of ∆ν are also accepted. If at least 3 of the 5 modes were consecutive
modes, the second ridge would disappear and the fit would be very similar to that
shown in panel b, even with only 5 modes used instead of 30. The worst case sce!
nario is shown in panel d. Increasing the observational error for the 5 modes smears
out the ridges of equal large frequency separation. The best fitting model still corre!
sponds to the input model, but without additional information like independently
determined temperature and luminosity it is not possible to say something about
the reliability of this fit.
Summarizing one can say, that for fitting observed frequencies to red giant mod!
els it is better to have few well constrained "small errors# frequencies of consecutive
radial order and di%erent degree "hence in a narrow frequency range# than many
poorly defined frequencies randomly spread over a large frequency range. In any
case, for a unique model identification additional independently determined infor!
mations are necessary.
CHAPTER 3
Instruments
Observing  solar!type  oscillations  in  red!giant  stars  is
at least for photometric observations closely linked to
space!observations because of the low amplitudes, the
low frequency range of pulsation, and the closely spaced
eigenfrequencies  that  call  for  long  and uninterrupted
data sets which are best obtained from space. First de!
tections, however, have been made with ground!based
radial velocity measurements. But a detailed frequency
analysis strongly su%ered from the daily aliases. In a next
step scientists start to use the space photometer at the
time available which were mainly the star tracker instru!
ment of the WIRE satellite and the Fine Guidance Sensor photometer of the Hub!
ble Space telescope. Later on, the Canadian micro!satellite MOST became available
which was originally designed to measure solar!type oscillations in main sequence
stars "amongst other topics#. Although it failed to clearly detect p modes in Sun!
like stars it opened a new window to observe solar!type oscillations in red giants.
As MOST opened a new window, a few years later, the French!lead satellite CoRoT
opened a new area in space photometry. The satellite gathers photometric time se!
ries of thousands of stars of unprecedented quality and duration. But the story does
not end here. Observations of solar!type oscillations in red giants are meanwhile
well!established in the scientific community and future mission like the Austro!
Canadian nano satellites BRITE!Constellation1 and the much larger NASA mission
1Bright Target Explorer; http://www.brite!constellation.at
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KEPLER2 will take care of the continuation of this interesting field of asteroseis!
mology.
The data presented in this thesis were obtained with the MOST and CoRoT
satellite. I will therefore briefly introduce this two space missions.
3.1 MOST
MOST which stands for Microvariability and Os$
ci!ations of  Stars is  a  microsatellite mission of
the Canadian Space Agency jointly operated by
Dynacon Inc., the Universities of Toronto and
British Columbia with the assistance from the
University  of  Vienna. A pre!launch summary
of the mission is given by Walker et al. "2003#
and on!orbit science operations are described by
Matthews et al. "2004#.
The  MOST project  is  carried  by  its  PI
Jaymie  M.  Matthew, the  instrument  scientist
Rainer Kuschnig and the Science Team mem!
bers "David B. Guenther, Anthony F. J. Mo%at,
Slavek M. Rucinski, Dimitar Sasselov, Gordon A. H. Walker and Werner W. Weiss#.
In addition, many students are heavily involved in data reduction and analysis and
add to a significant part of the scientific results.
The scientific goals of the MOST mission originally focused on the observa!
tions of : "1# p!mode oscillations in Sun!like stars including metal!poor sub!dwarfs
and magnetic stars; "2# reflected light from giant exoplanets; and "3# turbulent varia!
tions in Wolf!Rayet stars. But during operation other topics were included like the
pulsation in B!type stars, δ Scuti!stars, or solar!type oscillations in red giants.
The entire satellite takes a 65 × 65 × 30 cm volume and has a total mass of only
54 kg. The solar panels which cover a large part of the enclosure are designed to
provide a nominal power supply of about 30 W. For a space!based CCD photome!
ter with such an low inertia like MOST, a key element is the pointing accuracy of
the telescope. An unstable pointing would introduce significant noise in the photo!
metric time series. One of the major innovations of the MOST experiment was the
development of a 3!axis stabilization system with a pointing accuracy of less than
±1 arcsec rms which is hundreds of times better than for previous microsatellites.
It was thus possible to built such a small satellite "with low inertia# that meets the
accuracy requirements for observing microvariability in stars.
2http://kepler.nasa.gov/
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"a# Photograph  of  MOST in  the  lab
with the telescope unit  lying  in  front
"www.astro.ubc.ca/MOST/#
"b# Schematic view of a Sun!synchronous polar dusk!
dawn orbit
"c# Optical layout of the telescope "Figure taken from Walker et al. "2003##
Figure 3.1:
MOST houses a back!illuminated 1k× 1k pixels CCD photometer fed by a 150mm
f/6 Rumak!Maksutov telescope through a customized broadband optical filter "350 !
750nm# where the stellar light enters the instrument through a periscope mirror "see
optical design in Figure3.1#. The resulting field of view is about 1 degree in diameter
with a physical pixel resolution of about 3 arcsec.
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Figure 3.2: The MOST focal plane
layout projected onto the sky "on
about  the  same  scale#. The  red
circles  indicate  the  Fabry  micro
lenses.
The satellite was launched on June 30,2003, from Plesetsk "Russia# with a three!
stage Rockot carrier into a∼820 km Sun!synchronous almost polar dusk!dawn orbit
"period " 101.4 min# where the satellite remains over the terminator of the Earths.
The orbit allows the satellite to continuously observe stars in the Continuous View!
ing Zone "+36◦≥δ≥−18◦# for up 60 days.
MOST communicates via its S!band antennas with three ground!stations located
in Vancouver, Toronto, and  Vienna. The total contact time is about 40 min per
ground station per day which is enough to download the several MB per day of
scientific data and upload commands.
The MOST mission was designed to simultaneously obtain three types of pho!
tometric data:
Fabry imaging photometry for the primary science target "mV < 6#. To minimize
the influence of the satellite jitter on the photometric quality, the telescope
entrance pupil is imaged by a micro Fabry!lens3 on the CCD detector as an
annulus with about 40 pixel diameter. The image does not move by more
than 0.1 pixels if the star beam moves by less than 25 arcsec from optimum
pointing. An example for a Fabry image is given in panel "a# of Figure 3.3.
Direct  imaging  photometry for secondary targets with a magnitude "5 < mV < 12#.
Defocused images of stars located in the open field of the CCD"the area which
3An array of 6× 6 Fabry lenses with a diameter of 0.117mm each is mounted in front of the CCD
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is not covered by the Fabry lens array; see Figure 3.2# are directly recorded. Up
to 6 CCD subrasters "40 × 40 pixel# can be extracted from the full frame and
sent to ground. An example for a direct image is given in panel "b# of Figure3.3.
Guide  star  photometry: The MOST attitude control system determines positions
of up to 20 guide stars "6.5 < mV < 12# on a secondary 1k × 1k CCD4 array
once per second. In addition to the position information, needed to control
the satellite tracking, the stellar intensities are extracted onboard from the
total intensity in 20 × 20 pixel windows centered on each guide star minus
the background intensities. The latter is determined from the first and last
rows of pixels inside the windows.
"a# "b#
Figure 3.3: Examples for a Fabry "a# and direct "b# image of the MOST science CCD.
To extract information on stellar variability from the MOST Fabry and direct
imaging photometry it is basically necessary to extract intensity variations from data
cubes consisting of up to hundreds of thousands of two!dimensional CCDsubrasters
containing some hundreds of pixels each. Although the reduction procedure for the
MOST Fabry data is extensively described by Reegen etal. "2006#, it is an important
step for this thesis which justifies a brief description.
Due to pointing problems it sometimes happens that the “geometry” of a Fabry
image is heavily distorted. Such images are identified and subsequently removed by
comparison to an average normalized Fabry image. If the pixel values in an individual
"normalized5# frame deviates from the pixel values of the mean normalized reference
4After the failure of the ACS!CCD in January 2006 the satellite tracking is performed with the
science CCD resulting in changed magnitude limits for the di%erent types of photometry: mV <
4 mag for Fabry targets; 5 < mV < 12 for direct and guide star photometry
5usually the frames are normalized to the average intensity of all pixels identified as target pixels
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image by more than a given amount, the frame is rejected. Since the mean reference
image changes thereafter, this step is repeated iteratively until no more frames need
to be rejected.
In a next step, cosmic ray impacts are identified and corrected by comparing
pixel intensities of subsequent frames where frames are rejected if the number of
identified impacts exceeds a given value.
The most severe instrumental signal in the MOST photometry is scattered light
from the Earth entering the aperture via the hinge of the telescope coverage. This
stray light e%ects are corrected stepwise by computing the correlation between tar!
get and background pixels distinguished by a fixed aperture. By convention, target
denotes pixels inside the aperture and background characterizes pixels outside the
aperture, which are assumed to contain no stellar signal at all. Since the stray light
amplitude is heavily changing with time, the target!background correlation is sig!
nificantly di%erent for, e.g., the beginning and the middle of the data set. The data
can therefore not be corrected en!bloc and have to be split into subsets treated in!
dividually. This, however, potentially distorts the intrinsic low!frequency signal. To
address this problem an independent less invasive reduction method, the so!called
“doughnut” fitting, was developed.
Thereby an average Fabry frame is determined from all frames obtained during
orbital phases with low stray light signal. The average intensity, derived from pixels
which are defined as background pixels, is subtracted from all pixels. The resulting
frame is scaled to the average intensity of the N pixels with the highest intensity
values, where N is of the order of 100. The resulting frame serves as sort of nor!
malized point spread function "PSF# for the Fabry image. Subsequently, a linear fit
between the pixel intensities of a given image and the corresponding pixel intensities
of the PSF frame is performed. For each image, the slope k of the linear regression
gives a scaling factor, while the o%set d corresponds to the image mean background
intensity. Each frame is then replaced by the PSF image multiplied with the corre!
sponding scaling factork and the mean background intensityd is added. The average
intensities of all target and background pixels result in the target and background
light curve, respectively. Finally, a linear fit between the background and target light
curve is determined and subtracted from the target light curve resulting in the final
light curve. The advantage of this method is the relative insensitivity of the linear
regression to extreme pixel intensity values,e.g., due to cosmic ray hits or local stray
light e%ects. But more important, the data set is not split into subsets but is reduced
at once, which qualifies this procedure as a perfect cross!check for detecting arti!
facts due to data reduction. The disadvantage of this method is, compared to the
“decorrelation” method, the less e&cient stray light correction. However, in case
of ! Oph, no significant di%erences was found in the low!frequnecy range between
the two reductions. I used therefore the decorrelcation method which is more sen!
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sitive to the stray light. Although I have developed the “doughnut” fitting method
especially to verify the long!period variations in ! Oph, it was successfully applied
to other MOST Fabry targets, like the roAp star γ Equ "Gruberbauer et al. 2008b#.
For details of the direct imaging and guide star photometry Irefer to Rowe et al.
"2006# and Walker et al. "2005#, respectively.
3.2 CoRoT
The  CoRoT "COnvection, ROtation  and  Transits#
space telescope was developed under the leadership
of the French space agency "CNES# in association
with the French laboratories and the participation
of international partners "Austria, Spain, Belgium,
Brazil, and the European Space Agency#. The ex!
periment is dedicated to continuously collect high
precision long term photometry in order to: "1# per!
form observations of 10 bright stars in the seismol!
ogy channel to characterize their oscillations and "2#
to detect the signatures of planetary transits of ex!
trasolar planets in front of some of the thousands
of fairly faint stars observed in the exoplanet chan!
nel. The seismology core program of CoRoT is fo!
cused on solar!like stars which are studied in detail
with continuous observations of about 150 days. In
between two 150 days long runs, the 20 d short runs
form the exploratory program where a large range
of variable stars is observed completing the observ!
ing strategy of CoRoT. A pre!launch summary of the
mission in given in the CoRoT boo+ "Baglin et al. 2006#.
Physically, CoRoT is an afocal telescope with an e%ective aperture of 27 cm and
a total focal length of 120 cm mounted on a CNES Proteus platform. CoRoT is the
3rd mission that uses this platform "after Jason!1 and Calipso# which was developed
for satellites of the 500 kg class, which operate in a low Earth orbit. The satellite
is roughly 4 m long and has a diameter of about 2 m. With a launch mass of about
630 kg it is more than 10 times heavier than MOST. The fast lens instrument feeds
a camera consisting of 4 frame transfer CCD detectors with 2k× 4k pixels "2k× 2k
pixels to expose# each with a large field of view of about 2,7◦ by 3,05◦. The detectors
are cooled to !40◦ and are stabilized to within ±0.005◦. The external ba)e, which
takes about a third of the total length of the satellite, reduces the stray light flux by
a factor of 10−13 $ hence to only a few photons/pixel/second if the Earth limb is at
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20◦ from the optical axis. The pointing accuracy is about 0.5 arcsec rms where the
pixel resolution is about 2.5 arcsec.
"a# Artist’s view ©CNES 2006, Illustration D. Ducros "b# A sketch  of  CoRoT "image
taken from the CNES website#
"c# Optical design of the telescope "Figure taken from Viard 2006#
Figure 3.4:
CoRoT was launched on December 27, 2006, from the Baikonur cosmodrome
with a Soyuz Fregat II!1b into a polar inertial circular orbit at an altitude of∼900 km
"period " 103 min#. In order to minimize the perturbation of scattered light from
the Earth’s limb, the viewing zones are in equatorial direction. Every 6 months "one
150 days long run plus one 20 day short run#, when the Sun is about to get close
to the orbital plane, the satellite turns around and points in the opposite direction
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Figure 3.5: The eyes of CoRoT.
dividing the year into a summer and winter season.
Based on ground!based preparatory observations it was decided to orientate the
orbital plane of CoRoT to allow continuous observations at a right ascension of 6h
50’ in winter and at 18h 50’ in summer. Thanks to the e&cient ba)e it is possible
to extend the Continuous Viewing Zones to cones with a diameter of ∼20◦ which
give, projected onto the sky, the “eyes” of CoRoT "see Figure 3.5 where the red circle
indicates the winter or anticenter field and the blue circle the summer or center field#.
The two core science objectives, asteroseismology across the HR!diagram and
the detection of extrasolar planets, are tracked simultaneously with 2 of the 4 de!
tectors, the seismofield and exofield CCDs:
Seismofield photometry: In order to get the best possible photometric signal, the
strategy is to observe defocused images where the stellar light is spread over
about 400 pixels "see panel a of Figure3.6#. This allows the detector to collect
more photons per time interval,which decreases the relative photon noise and
has the advantage of reducing the e%ect the spacecraft jitter has on the pho!
tometry. The CCDs are read out every second with a dead time of ∼0.2 sec
yielding a sampling cycle of about 80'. From that, stellar fluxes within pre!
defined windows are extracted on!board and are stacked to intervals of 32 s
which are sent to ground. For each observing run, 10 stellar windows "50 ×
50 pixels#, 10 sky!reference windows and 4 o%set reference windows are de!
fined. Several corrections are applied to the raw data, where the details may
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be found in Samadi et al. "2007#, yielding to the so!called N2 lightcurves which
are provided by the CoRoT data center. In case of a 150 day long run a data
set consists of typically∼380 000 data points which are basically photon noise
limited. Because the satellite crosses the South Atlantic Anomaly there is the
potential for additional scatter in the photometric time series due to the im!
pact of high energy particles. These data points are flaged in the time series
and can either be rejected or replaced by linear interpolated values. In any
case, less than 10' of the data points are a%ected leading to an overall duty
cycle of at least 90'. It has to be mentioned that contrary to the MOST
photometry and thanks to the e&cient ba)e, scattered light from the Earth
plays more or less no role in the CoRoT photometry. First publications based
on the CoRoT seismofield photometry include Appourchaux et al. "2008#, Gru!
berbauer et al. "2008a#, and Kallinger et al. "2008a# all dealing with solar!type
p modes in the F5 dwarf HD 49933.
Exofield photometry: More than 12 000 relatively faint stars "11.5 ≤ mV ≤ 16# are
imaged simultaneously on the exofield CCDs. In order to check the color in!
dependency of presumed planetary transits, the stellar light is dispersed by
a prism before it reaches the detectors. From the resulting low resolution
spectra "see panel b in Figure 3.6#, stellar fluxes are extracted for 3 di%erent
color!bands by using pre!defined mask. In a crowded field, the “masking” is
a rather complex process because the dispersed images span up to 20 arcsec
yielding to overlapped PSFs of comparable bright stars. More details can be
found in Llebaria & Guterman "2006#. Unfortunately the wavelength ranges
of the di%erent color!bands also depend on the used mask and no color in!
formation comparable to commonly used color systems can be deduced. The
default sampling for the exofield light curves is 512 s where a single measure!
ment consists of 16 individual exposures of 32 s which are stacked on!board.
Only for about 10' of the targets the individual 32s measurements are sent to
ground. These stars are pre!selected within theAdditional progra#6. However,
the signal of all stars is continuously monitored by the Control Center and if a
transit is detected the data rate for the corresponding target is changed to the
32 s cadence. To date, CoRoT has found 7 extrasolar planets where first results
are given by Barge et al. "2008#, Alonso et al. "2008#, and Deleuil et al. "2008#.
Although the primary goal of the exofield observations is to detect extrasolar
planets, the obtained data are perfectly suited for asteroseismic investigations.
6The Additional program of CoRoT is dedicated to stars in the exofield whose variability is already
known or at least strongly suspected
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"a# "b#
Figure 3.6: Examples for a stellar image on the seismofield "a# and exofield "b# CCDs. "images
are taken from the CoRoT webpage#
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CHAPTER 4
Observations
4.1 The enigmatic !Oph
!Ophiuchus "HD 146791, HR 6075# is a fairly close G9.5
giant star and thanks to its brightness, it is one of the most
thoroughly studied pulsating red giant.
In radial velocity measurements from the ground, De
Ridder  et al.  "2006b#  found  power  excess  in  the  fre!
quency spectrum of !Oph with a maximum amplitude of
about 3.5 ms−1 at a frequency of approximately 60µHz
"∼5.2 d−1#. However, the modest duty cycle of the ground!
based  observations  and the  resulting d−1 aliases  made
it di&cult for them to choose between possible p!mode
spacings of ∼5 and ∼7µHz.
Radial oscillations cause periodic changes of a stars radial velocity, hence shift
the spectral lines through the Doppler displacement. In case of nonradial oscilla!
tions, however, the macroscopic velocities on the stellar surface give rise to periodic
broadening of the profile of spectra lines. Whereas the time dependence of the
line!profile variations is entirely given by the oscillation frequency "in case of uni!
form rotation#, the shape of the profile is in particular determined by the wavenum!
bers "$, m#. Consequently, the amplitude variations across the spectroscopic cross!
correlations profile give informations on them value of an oscillation mode and thus
allows one to constrain the minimum angular degree$. Hekker et al. "2006# have an!
alyzed these amplitude variations for four red giant stars "ξ Hya, !Oph, η Ser, and δ
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Table 4.1: Basic stellar parameters for $ Oph.
Apparent magnitude ..................................... mV*mag+ 3.24±0.021
Hipparcos parallax ....................................... pi *mas+ 30.34±0.791
Distance ......................................................... d *pc+ 33.0±0.9
Rotational velocity ........................................ vsini *km s−1+ 3.4±0.52
E%ective temperature ................................... Teff *K+ 4888±60
Luminosity .................................................... L *L*+ 58±4
Radius ............................................................ R *R*+ 10.4±0.453
Surface gravity ............................................... logg *cm s−2+ 2.48±0.364
Metallicity ..................................................... Z 0.015
1Simbad, CDS
2De Ridder et al. "2006b#
3Richichi et al. "2005# and Hipparcos parallax
4Allende Prieto & Lambert "1999#
5*Fe/H+ = !0.25 from Cayrel de Strobel et al. "2001#
Eri# and have shown that nonradial modes must be present in 3 of the 4 stars. For ξ
Hya the amplitudes were too small to make firm detections.
Barban et al. "2007# analyzed MOST satellite photometric observations and ob!
tained frequencies, amplitudes, and mode lifetimes for a sequence of radial modes.
Their mode lifetimes "∼2.7 d#, compared to another giant ξ Hya, are consistent with
the lifetimes determined from observations "Stello et al. 2006# but are shorter than
the lifetimes inferred from theoretical considerations "∼20 d# by Houdek & Gough
"2002#.
Kallinger et al. "2008b# re!examined the photometric and spectroscopic observa!
tions of !Oph and found frequencies which are consistent with radialand nonradial
acoustic modes of a red giant model. This model, constrained only by the observed
frequencies, lies within ±1σ of !Oph’s position in the H!R diagram and the inter!
ferometrically determined radius. The small scatter of the frequencies about the
model predicted frequencies indicate that the average lifetimes of the modes could
be as long as 10$20 d. The corresponding analysis is subject of this chapter.
4.1.1 Global stellar parameters
As previously mentioned, accurate stellar parameters helps an asteroseismic analysis
and allows one to constrain otherwise unknown parameters, like the mixing length
parameter. In case of !Oph, lots of di%erent, sometimes contradicting, measure!
ments for various parameters can be found in the literature. It is therefore necessary
4.1. THE ENIGMATIC !OPH 71
to compare and critically review them.
The e%ective temperature estimated from the infrared flux method by Black!
well & Lynas!Gray "1998# is 4882±44 K which is in agreement with Teff =4855±28 K
listed in the catalogue of evolved Gand Ktype stars "Taylor 1999#. Based on high res!
olution spectroscopy, McWilliam "1990# give a Teff of 4970±110 K. From the John!
son colors V!K = 2.24±0.03 "Taylor 1999# and the calibration of Bessell et al. "1998#
the e%ective temperature is determined to be 4847±29 K. I adopt the average value
Teff = 4888±60 K with the uncertainty obtained from the rms of the quoted uncer!
tainties.
The Hipparcos parallax of 30.34±0.79 mas "Simbad, CDS# directly leads to a dis!
tance of 33±0.9 pc. The apparent magnitude mV = 3.24±0.02 mag "Simbad, CDS#
and the distance yield an absolute visual magnitude MV = 0.65±0.06 mag. Inter!
polation in the theoretical tables of Lejeune & Schaerer "2001# gives a bolometric
correction BCV = 0.35±0.03, Allende Prieto & Lambert "1999# list in their catalogue
of fundamental parameters of nearby stars a BCV = !0.31±0.01. I adopt the average
value BCV = !0.33±0.03. According to,
L/L* = 79.43× 10−0.4·(MV +BC), "4.1#
the luminosity1 is L = 58.1±4 L*.
Richichi et al. "2005# list an angular diameter of 2.94±0.08mas for !Oph in their
catalogue of stellar radii obtained with the ESO VLTI. This angular diameter and
the Hipparcos parallax give a stellar radius of 10.4±0.45R*.
The surface metal abundance of !Oph was spectroscopically determined by Cayrel
de Strobel et al. "2001# to be *Fe/H+ = !0.25. With *Fe/H+ = log"Z/X# ! log"Z/X#*,
"Z/X#*= 0.02292 "Grevesse & Sauval 1998#, and the Galactic helium enrichment
scale "Y!Y*#/"Z ! Z*# = 2.5, the metal mass fraction of !Oph is derived to be Z "
0.01. A summary of basic stellar parameters is given in Table 4.1.
4.1.2 Ground based spectroscopy
The radial velocity data of !Oph were provided by De Ridder et al. "2006b# from
their double!site campaign. During 54 nights "spanning 75 days# in July and August
2003, they obtained a total of 839 spectra with the fibre!fed cross!dispersed echelle
spectrographs CORALIE "R"50 000# mounted on the Swiss 1.2!m Euler telescope
at La Silla, Chile, and ELODIE "R"45 000# attached to the French 1.93!m telescope
at the Observatoire de Haute!Provence. The spectra were exposed for about 200 s
to get a S/N ratio at 550 nm of at least 100 without averaging out the pulsation sig!
nal. Radial velocities were measured from the spectra using the optimum!weight
method relative to a nightly reference spectrum, which uses a weighted di%erence
1In Eq.4.1 Mbol,* = 4.75 mag is used "recommendation of IAU 1999#
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Figure 4.1: The radial velocity time series as obtained by De Ridder et al. "2006b#.The blue
and red symbols denote the observations made with CORALIEand ELODIE, respectively.
The insets show two particularly good nights clearly showing the pulsation signal.
between the stellar spectrum and a reference spectrum to compute precise Doppler
velocities. Although this approach minimizes the noise level in the Fourier spec!
trum, it suppresses any signal with periods longer than about 1 day, including that
intrinsic to the star. The time series is shown in Figure4.1 with an average accuracy
of a single data point of about 3.5 ms−1.
4.1.3 MOST spacebased photometry
The MOST photometry of !Oph is described by Barban et al.  "2007#. The data
cover 28.4 d of continuous observations in May and June 2005,and were obtained in
Fabry Imaging mode of the satellite. Thereby, the telescope entrance pupil, illumi!
nated by the star, is projected onto the CCD by a Fabry microlens as an annulus cov!
ering about 1300 pixels. Although the CCD subrasters are binned "2 × 2# onboard,
the downlink capacity is not su&cient to transfer more than 2 resolved images per
minute to the ground. For shorter integration times, the data are downloaded in
two formats: resolved CCD subrasters of the stellar and background Fabry images
"Science Data Stream 2 or SDS2#, and compressed data preprocessed on board the
satellite "SDS1#2. For the subsequent analysis, the resolved SDS2 data are used here
because they allow one to carry out background decorrelation of the Fabry images
"Reegen et al. 2006# to minimize instrumental e%ects in the data. The used subset
2Since the failure of the ACS CCD in January 2006, guiding and attitude control is performed
using the Science CCD which restricts the integration time to about 2 s. The SDS1 format is not
used anymore because the SDS2 images are stacked onboard which even improves the photometric
performance of the satellite.
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Figure 4.2: MOST photometry of $Oph. For better visibility, circles are averages of 20
consecutive data points "covering about 10 min each# of the smoothed raw data "running
average of 350 exposures#; the un!averaged measurements of $Oph are shown as small grey
dots. The inset is an enlargement of a 4 day subset of the data.
of the MOST photometry contains 83 238 individual frames with an exposure time
of 7.5 s, sampled every 30 s.
I rejected all images obtained during MOST orbital phases of high scattered
Earthshine, which for the !Oph run occurred when the satellite was passing over
the fully illuminated North Pole. This, however, introduces regular gaps in the data
of about 24 min duration every 101.4 min "the MOST orbital period#. Finally all 3σ
outlier frames are rejected. In total 24' of the exposures were rejected, resulting in
an overall duty cycle of 76' for the remaining 62113 measurements. The regular gaps
introduced per orbit yield alias peaks in the spectral window function at ∼14.2 d−1
"∼165 µHz# and multiples thereof. Fortunately, this aliases, unlike the ground!based
daily aliases, do not introduce any ambiguities in the frequency identifications in the
range where !Oph exhibits p!mode pulsations "well below 100µHz#.
MOST was not originally designed to obtain di%erential photometry,but thanks
to its stable thermal environment and compact design,the instrument is sensitive to
stellar variability at the millimagnitude level "and below# over timescales of up to one
week. Only for very long timescales,comparable to the duration of the observations,
do instrumental drifts became severe and superpose possible intrinsic variations.
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Stars like the red giant !Oph have turbulent envelopes introducing variability on
time scales longer than the p modes. Regardless, all long term variations "i.e., longer
than a week#, whether or not they are intrinsic, are not subject of this analysis.
Figure 4.2 presents the binned light curve of !Oph, as well as the original un!
binned reduced photometry. The data show very complex variations on timescales
of hours to days in addition to some slower trends. The clean spectral window of
the data, with alias peaks spaced by 14.2 d−1 and multiples thereof, shows that the
slower trends do not interfere with the p!mode identifications. There exists some
modulation of stray light at low harmonics of 1 d−1. This is caused by the fact that
the MOST orbit carries the spacecraft over nearly the same location on the Earth
"hence, a similar albedo feature# every day.
The reduced MOST !Oph photometry used in this thesis, as well as the raw
data and the Barban et al. "2007# reduction, are available in the MOST Public Data
Archive on the Science page at,ww.astro.ubc.ca/MOST.
4.1.4 Fourier analysis
The Fourier amplitude spectra of the !Oph MOST photometry "with instrumental
signal already prewhitened; see later in this section# and the radial velocity "RV#
data are plotted in Figure4.3 along with the spectral window functions of both data
sets. In the photometric amplitude spectrum, there are no aliases in the frequency
range plotted, since the sampling sidelobes fall well outside the p!mode frequency
range. There are, however, peaks at 1, 2 and 3 d−1 "see the peaks at about 11.57, 23.14
and 34.71µHz in the amplitude spectrum of the intrinsically constant MOST guide
star HD 146490; inset in top panel of Figure 4.3# due to modulation of stray light
in the data, as mentioned above. Some of the power at frequencies below 20µHz
may be due to intrinsic turbulence in the stellar envelope, and some may be due to
slow instrumental drifts but there is no significant leakage of this power to higher
frequencies in the p!mode range because of the clean spectral window.
The RV amplitude spectrum shows the cycle/day alias patterns due to the daily
gaps in the groundbased spectroscopy. The data were subjected to a high!pass filter
by De Ridder et al. "2006b#. So amplitudes at frequencies below ∼20µHz are sup!
pressed. The RV spectrum has better frequency resolution than the photometric
spectrum because of the longer time coverage of the RV data.
Frequency determination
To identify significant frequencies in the Discrete Fourier Transform spectra of both
data sets the routine SigSpec "Reegen 2007# is used. The automatic routine employs
an exact analytical solution for the probability that a peak of given amplitude could
be generated by white noise. Its main advantage over commonly used signal!to!noise
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Figure 4.3: Top panel: Fourier amplitude spectra of the MOSTphotometry of $Oph, and that
of an intrinsically constant guide star. The colored lines indicate a powerlaw fit with "red#
and without "blue# a power excess hump approximated by a Gaussian function.Middle  panel:
Amplitude spectrum normalized to the blue line. The red line gives the Gaussian part of the
powerlaw fit. Bottom  panel: Amplitude spectrum of the radial velocity data. The spectral
window functions are shown in the insets; note the truncated scale for MOST data.
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Table 4.2: $Oph’s radial velocity frequencies "f in µHz#, amplitudes "A in m/s#, and SigSpec
significances "sig#. “↑” and “↓” symbols indicate frequencies which are presumably +1 d−1 or
!1 d−1 aliases.
Radial velocity frequencies
ID f A sig ID f A sig
1 ... 27.13±0.05 1.9 9.0 12 ... 58.18±0.03 3.4 21.2
2 ... 34.73±0.06 1.6 7.8 13 ... 58.80±0.05 1.8 9.3
3 ... 43.72±0.06 1.3 5.8 ↓14 ... 60.11±0.05 2.1 9.8
4 ... 44.92±0.07 1.2 5.5 15 ... 61.01±0.06 1.2 5.8
5 ... 45.21±0.06 1.0 5.8 16 ... 62.99±0.05 2.1 9.7
6 ... 45.81±0.05 2.1 9.8 17 ... 66.72±0.05 1.7 9.0
7 ... 48.20±0.06 1.4 6.1 ↑18 ... 67.18±0.05 2.2 9.9
8 ... 48.91±0.07 1.1 5.4 19 ... 74.89±0.06 1.5 7.0
9 ... 50.88±0.06 1.3 6.4 20 ... 82.51±0.07 0.9 5.5
10 ... 54.03±0.05 2.0 10.2 21 ... 85.40±0.07 1.2 5.5
↑11 ... 54.38±0.06 1.2 5.8
ratio estimates is that SigSpec appropriately incorporates the frequency and phase
angle in Fourier space and the time domain sampling. On average, a signal!to!noise
ratio of 4, suggested as a reliable significance estimator by Breger etal. "1993#, roughly
corresponds to a SigSpec significance value of 5.46. The SigSpec significance is equal
to log10 the probability that the peak is not due to white noise. In other words, a
signal amplitude of 4 times the noise level would appear by chance at its given fre!
quency in only one of 105.46 cases, assuming white noise. The routine automatically
identifies the peak with the largest significance in the frequency range searched,
determines the amplitude and phase associated with this frequency through least!
squares sinusoidal fitting, and subtracts that signal from the time series. The resid!
uals are then used in the next iteration, and the process is repeated until there are
no frequencies remaining with SigSpec significance above a given threshold.
In the MOST photometry 99 peaks are found with a SigSpec significances "sig#
greater than 4.8 "equivalent to S/N∼ 3.75# from 0 ! 350µHz. 17 of the peaks are coin!
cident with the MOST satellite orbital frequency "∼165µHz# and its first overtone
as well as with sidelobes produced by the 1 cycle/day and long term modulation of
the stray light signal. The remaining 82 frequencies "all below ∼120µHz# are com!
pared with frequencies in the background signal and with frequencies in the light
curve of the simultaniously observed guide star3 HD 146490 "V = 7m2, sp. A2#. The
3MOST guide star photometry is collected from defocused star images in subrasters of 40×40
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background time series was extracted from the raw !Oph Fabry Image data using
the average intensity of pixels well outside the annulus illuminated by stellar light
that contains only signal from the sky background along with the bias and dark cur!
rent levels of the CCD. SigSpec identified 34 peaks, from 0 to 120µHz, with sig ≥
4.8 in the background signal, and 14 peaks in the guide star,HD 146490, time series.
All frequencies are rejected that occur "within the uncertainties# in both the
!Oph photometry and either the background or HD 146490 time series, even if
the amplitudes in the latter data sets are small. The frequency uncertainties are
estimated according to Kallinger et al. "2008d# who define an upper limit for the
frequency error of a least!squares sinusoidal fit as 1/"T ·√sig# for a monoperiodic
signal and 1/"4T# if a second signal component is present within twice the classical
frequency resolution defined by the time series length T. Finally, 59 frequencies are
left ranging from 3.11 to 93.7µHz.
In the RV data 21 frequencies are found in the range of 20 ! 120µHz with a
SigSpec significance greater than 5.46 "corresponding to S/N∼ 4.0#. These are more
ambiguous identifications because of the aliasing of the RV data; some of the fre!
quencies may be±1 d−1 sidelobes of the real values. 7 of the 21 frequencies identified
in the RV data are also present, within the frequency uncertainties, in the MOST
photometric data. All significant RV frequencies are listed in Table 4.2.
Modeling the “stellar background”
Figure 4.3 illustrates the problem of safely determining pulsation frequencies below
approximately 20µHz. The detection and analysis of pulsation is significantly im!
peded in red giants because the stellar activity and turbulent motions in the convec!
tive envelopes superpose the oscillations on similar time scales. This “stellar back!
ground” noise generates significant power in a frequency range typical for solar!type
pulsation in red giants and potentially a%ect the accurate determination of oscilla!
tion frequencies and amplitudes. This is especially the case for SigSpec, which auto!
matically determines a peak’s significance based on the assumption of white noise.
In case of an additional frequency dependent noise, the significance of a peak may
be dramatically overestimated yielding to a false identification.As it is extraordinar!
ily di&cult to fit a model to a set of frequencies when the list of frequencies contains
even a small number of spurious frequencies,i.e., of non stellar origin,Kallinger et al.
"2008b# restrict their original analysis to those frequencies above 20µHz with sig!
nificance≥ 10. This represents the simplest approach but at the time of publication
we were not aware that there is a more reliable method to estimate the local colored
noise in power spectra of a solar!type pulsator.
pixels. Although not suitable for di%erential comparisons with Fabry Imaging photometry,the guide
star photometry can be used to help identify instrumental or environmental frequencies in the data.
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Figure 4.4: Power spectrum of $Oph MOST photometry with a multi!component power law
fit "red line# consisting of white noise "horizontal orange line#, a power law "orange line# and
a power excess hump approximated by a Gaussian function. The fit without the Gaussian
component "blue line# serves as estimator for the local colored noise.
Although the turbulent motions on the stellar surface are stochastic, they fol!
low some special characteristics. It can be shown that stochastic variations on time
scales longer than the sampling rate of the observations cause correlations of con!
secutive data points with the strength of the correlations exponentially decreasing
for increasing time!lags. The Fourier transform of such a correlated “noise” is in
turn a Lorentzian profile, characterized by an amplitude and a characteristic fre!
quency or time scale. For the solar case, it is common practice to fit the background
signal with power laws to enable accurate measurements of the solar oscillation fre!
quencies and amplitudes. Power law models were first introduced by Harvey "1985#.
Aigrain et al. "2004#, and more recently Michel et al. "2008#, use P (ν) =
∑
i Pi, with
Pi = aiζ2i τi/(1 + (2piτiν)
Ci), or hereafter Pi = Ai/(1 + (Biν)Ci), to model the solar
granulation signal, where ν is the frequency, τi is the characteristic times scale of
the ith component and Ci is the slope of the power law. The normalisation factor
ai is chosen such that ζ2i =
∫
Pi(ν)dν corresponds to the variance of the stochastic
signal in the time domain. The slope of the power laws was originally fixed to 2 in
Harvey’s models but Aigrain et al. "2004# and Michel et al. "2008# have shown that,
at least for the Sun, the slope is closer to 4. The number of power law components
usually varies from two to five, depending on the frequency coverage. Each power
law represents a di%erent physical process with time scales for the Sun ranging from
minutes in the case of granulation to days in the case of stellar activity.The presence
of a power excess hump due to pulsation in a frequency range close to the character!
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istic frequencies of the background signal would significantly influence the power
law fit. I therefore model the observed power spectrum with the superposition of
white noise, a power law4, and a power excess hump approximated by a Gaussian
function:
P (ν) = Pn +
PPL
1 + (BPL · ν)4 + Pg · e
−(ν−νmax)2/(2σ2), "4.2#
where ν is the frequency, Pn is the white noise, PPL and BPL are the amplitude of
stellar background and its characteristic time scale, respectively. Pg, νmax, and σ
are the amplitude, central frequency and width of the power excess hump, respec!
tively. The 6 parameters are determined by using a standard least!squares algorithm.
The resulting fit is indicated as red line in Figure 4.4 "in power# and Figure 4.3 "in
amplitude#. The white noise is determined to be about 16.5 ppm which is in good
agreement with the average Fourier amplitude in the very high frequency domain.
The amplitude of the background signal is about 2.1·104 ppm2 and the characteristic
time scale is roughly 1 day "∼11.5µHz#. The power excess hump has an amplitude
of about 1900 ppm2 and is centered on about 53.5µHz. But more interesting in this
context, the fit without the Gaussian component serves as an indicator for the lo!
cal noise enabling one to rate the signal!to!noise ratio of the previously determined
frequencies. This is illustrated in the middle panel of Figure 4.3 showing the ampli!
tude spectrum normalized to the fit without the Gaussian component "blue lines in
Figure 4.3 and 4.4#.
From the 59 frequencies left those having signal!to!noise ratio below 3.0 are re!
jected. The remaining 21 frequencies are listed in the upper part of Table 4.3 and
are used for a subsequent analysis. The selected frequencies are basically the same
as given by Kallinger et al. "2008b# except for frequency 12, 14, and 17 which do not
meet their selection criteria and their frequencies P20, P23 and P24 which have a
too low SNR in the present analysis.
Asteroseismic determination of fundamental parameters
The amplitudes of solar p!modes oscillations are modulated by a broad envelope
with the maximum at a frequency of about 3 mHz. Kjeldsen & Bedding "1995# have
shown that the frequency of maximum power,νmax, of the p!mode oscillations scales
to good approximation with the acoustic cuto% frequency, which sets limits on the
maximum frequency for acoustic oscillations. Since the acoustic cuto% frequency
also defines a typical atmospherical time scale, the authors argue that νmax should
scale with the acoustic cuto% according to νmax ∝ cs/Hp, with cs being the speed of
sound and Hp ∝ T/g the pressure scale height of the atmosphere. In the adiabatic
4The power law fit is restricted to only one component because the time coverage of the MOST
observations does not allow to resolve variations on very long time scales.
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Table 4.3: $Oph’s photometric oscillation frequencies "f in µHz#, amplitudes "A in ppm#,
SigSpec significances "sig#, and signal!to!noise ratios "SNR# determined in reference to a local
noise model.
Significant photometry frequencies
ID f A sig SNR ID f A sig SNR
1 .. 21.70 ± 0.07 124 37.3 3.09 12 .. 51.84 ± 0.14 59 9.1 3.32
2 .. 26.98 ± 0.10 80 16.3 3.13 13 .. 53.65 ± 0.07 119 34.8 6.72
3 .. 29.66 ± 0.12 69 12.3 3.00 14 .. 55.50 ± 0.14 59 9.0 3.35
4 .. 31.59 ± 0.12 69 12.3 3.03 15 .. 59.04 ± 0.10 78 15.5 4.52
5 .. 32.57 ± 0.11 72 13.3 3.10 16 .. 61.22 ± 0.09 92 20.9 5.32
6 .. 37.82 ± 0.13 62 10.0 3.05 17 .. 61.92 ± 0.14 57 8.4 3.32
7 .. 38.52 ± 0.09 96 22.7 4.59 18 .. 62.90 ± 0.10 83 17.5 4.86
8 .. 42.12 ± 0.11 72 13.0 3.66 19 .. 63.58 ± 0.12 70 12.5 4.08
9 .. 43.17 ± 0.09 88 19.5 4.57 20 .. 64.39 ± 0.12 65 10.9 3.82
10 .. 46.87 ± 0.13 64 10.5 3.43 21 .. 69.27 ± 0.13 63 10.2 3.71
11 .. 48.11 ± 0.09 93 21.3 5.04
Additional photometry frequencies
22 .. 23.74 ± 0.11 73 13.55 2.00 26 .. 40.15 ± 0.16 48 6.22 2.41
23 .. 27.65 ± 0.17 47 5.87 1.61 27 .. 43.68 ± 0.16 48 6.17 2.53
24 .. 33.26 ± 0.17 48 5.97 2.02 28 .. 57.89 ± 0.16 50 6.69 2.91
25 .. 36.96 ± 0.15 53 7.46 2.49 29 .. 68.28 ± 0.17 46 5.57 2.72
case and under the assumption of an ideal gas, νmax is then ∝ g/
√
Teff. Therefore
Kjeldsen & Bedding "1995# predict the frequency of maximum power to scale from
the solar case as:
νmax =
M
R2 ·
√
Teff/5777K
· 3050µHz, "4.3#
with M and R in solar units. I adopt νmax to be directly determined from a power
spectrum as the central frequency of the Gaussian part of the multi!component as
discussed in the previous section. Another parameter that can directly be derived
from the observed amplitude spectrum is the characteristic frequency spacing,∆ν,
which is approximately equal to the asymptotic large frequency separation of con!
secutive overtones of the same spherical degree. The characteristic frequency spac!
ing, which is about 134.9µHz for the Sun "Toutain & Froehlich 1992#, is defined
by the inverse profile of the sound speed to ∆ν ∝ (2 ∫ R0 dr/cs)−1. Since the adia!
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batic speed of sound is proportional to the square root of the ideal gas temperature,
∆ν ∝
√
〈T 〉/R, where 〈T 〉 is the average internal temperature which can be esti!
mated to scale with M/R. Thus, ∆ν ∝ (M/R3)1/2, hence is directly proportional
to the mean stellar density and scales from the solar case "Cox 1980# as:
∆ν = 134.9µHz ·√ρ = 134.9µHz ·
√
M/R3 "4.4#
Knowing νmax and ∆ν "and Teff# one can easily constrain the stellar mass and ra!
dius. The average large frequency separation is determined from the autocorrela!
tion function of the normalized amplitude spectrum "middle panel of Figure 4.3#
which is given in Figure 4.5. The autocorrelation function yield two strong peaks
at about 4.9 and 5.5µHz which is not astonishing because spacings are known to
vary with the radial order in stellar models. As a cross!check, the comb!response
function fit "Kjeldsen et al. 1995# prefers a characteristic frequency separation of
about 5.2µHz "see blue line in Figure 4.5#. I therefore assume the large frequency
separation is 5.2±0.3µHz. With νmax = 53.5±0.5µHz, equation 4.3 and 4.4 yield a
radius of 10.8±0.9 R* and a mass of 1.9±0.35 M*. The thus determined radius is in
excellent agreement with the interferometrically determined radius "see Table 4.1#.
Given mass and radius, the corresponding surface gravity is log g = 2.65±0.1 which
is again in good agreement with the spectroscopically determined value "Table 4.1#.
According to L ∼ R2· T4eff, the luminosity is thus obtained to be L/L* = 60±10.
µ
Figure 4.5: Autocorrelation "red# and Comb!response function "blue# of the normalized am!
plitude spectrum given in the middle panel of Figure 4.3 "in arbitrary units#.
Interestingly, two easily determined asteroseismic parameters "νmax and∆ν# and
a reliable estimation for the e%ective temperature are enough to accurately pin down
a star’s basic fundamental parameters "provided that the stars shows solar!type pul!
sation#.
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4.1.5 Asteroseismic analysis
Since !Oph’s measured metallicity is half the value used for my standard giant model
grid, I have recomputed radial and nonradial eigenfrequencies "with mode degree
$ up to 3# for stellar models of a new and more dense grid. The grid consist of
more than 37 000 models of intermediate!mass stars "from 1.5 to 3.5M* in steps
of 0.02M*# during their H!shell burning phase. The model sequences start at tem!
peratures around 5500 K "near spectral type G1# and continue up to the initiation of
He!core burning at the end of the red giant phase. The initial helium and metal mass
fractions was set to "Y, Z# = "0.28, 0.01#, to match the observationally determined
metal abundance from Cayrel de Strobel et al. "2001#. The mixing length parameter,
which adjusts the temperature gradient in convective regions, was set to α = 1.74 to
match the findings of Yi et al. "2003#. The used model physics is the same as for the
standard model grid and summarized in Table 2.1.
Model search
In a next step the 21 frequencies listed in Table 4.3 are used as input for the mode
matching procedure. The searching code will try to find the best fit to as many
frequencies as possible and this may,as is the case here, require that some modes are
excluded from the fit. The modes excluded vary from model to model in the search.
For the best fit, model frequencies 17, 19, and 21 are unmatched. It is not possible
to find any models whose radial p modes match more than 9 of the 21 observed
frequencies. Only when allowing the search to include nonradial modes up to and
including $ = 3, 18 of the 21 observed frequencies are matched by model modes. The
best model fit matches 9 of the frequencies to radial p modes, 3 to $ = 1, 5 to $ =
2, and 1 to $ = 3 modes with a χ2 = 0.22. The best fitting model has a mass of 2.02
M*, an e%ective temperature of 4892 K, and a luminosity of 60.1 L*, which places
it within ±1σ of !Oph’s position in the H!R diagram. In Table 4.5 the adiabatic
p!mode frequencies of the best fitting model are listed up to the acoustic cuto%
frequency of ∼92µHz.
Figure 4.6 "left panel# shows, in an echelle diagram with folding frequency 5.2µHz,
the 21 most significant photometric frequencies, used in the search for the best fit!
ting model, along with the p!mode frequencies of the best model fit. The filled
circles correspond to the 18 photometric frequencies that are fit by the model. The
p!mode frequencies of the best fitting model are indicated as small colored symbols
connected by line segments.
The original list of frequencies includes 40 frequencies in the range of 20 !
100µHz. 21 are found to be significant according to the background noise model.
18 of the 21 frequencies are matched by modes of the best fitting model. Although
the 19 remaining frequencies are not considered to be significant in terms of the
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Figure 4.6: le-  panel: Echelle diagram of the 21 most significant observed oscillation fre!
quencies used to constrain the fit and the best fitting model modes. The observed pho!
tometric modes are shown as circles with error bars indicating observational uncertainties.
Filled and open circles show the 18 observed frequencies matched by model modes and the
remaining 3 frequencies, respectively. Symbol sizes are scaled with mode amplitudes. The
model modes are given by colored symbols connected by line segments. right  panel: Same
as left panel but including photometric frequencies with a SNR below 3 but which are also
matched by model modes "open circles# and radial velocity "squares# frequencies. Arrows
indicate RV modes which are presumably daily aliases.
background noise model, one can argue that some of these frequencies could still
be intrinsic to the star because in terms of white noise they are considered to be
significant. Indeed, 9 of the 19 frequencies coincide with modes of the best fitting
model. They are listed in the bottom part of Table 4.3 and are shown in the right
panel of Figure4.6 "open circles# along with the 18 "filled circles# frequencies used to
constrain the fit. Also included are the RV "squares# frequencies to provide a direct
comparison between the two data sets. 7 of the frequencies detected in the RV data
match the p!mode frequencies of the best fitting model and are found in the list of
photometrically observed frequencies, and 6 of the RV frequencies match the best
fitting model and are not found in the list of photometrically observed frequencies.
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Figure 4.7: Theoretical H!R diagram showing the uncertainty box location of $Oph and a
subset of the stellar model grid used for the pulsation analysis "light grey dots#. The color
scale gives the χ2 values from the di%erences between the observed and model frequencies,
where the scale is limited to values less than 1.0 "for better visibility the color dark blue
includes all models with χ2 from 0.5 to 1.0#. χ2 < 1 indicated that the model frequencies
are within 1σ of the observed frequency uncertainty. The dark grey dots show models with
a stellar radius of 10.4±0.45R*. The insert illustrates χ2 as a function of model mass and
age, respectively.
Another 3 RV frequencies would lie close to model frequencies if they are 1 cycle/day
aliases of the real frequencies. The presumed real frequencies are at the tips of the
arrows in Figure 4.6. In the end, 27 of 40 frequencies can be attributed to pulsation
modes. I note that not all are radial modes. The remaining 13 frequencies, however,
could not be matched to the mode frequencies of the best fit model. They might
be noise or the result of the damping and stochastic re!excitation of the modes in!
troducing spurious peaks in Fourier space around the true mode frequencies. But
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Table 4.4: Summary of basic stellar parameters for $Oph.
Literature scaling best fitting
relation model
E%ective temperature ........ Teff *K+ 4888±60 4892
Luminosity .......................... L *L*+ 58±4 60±10 60.13
Radius ................................. R *R*+ 10.4±0.45 10.8±0.9 10.82
Mass .................................... M *M*+ 1.9±0.35 2.02
Surface gravity .................... logg *cm s−2+ 2.48±0.36 2.65±0.1 2.67
Age ....................................... *Gyr+ 0.770
Metallicity ........................... Z 0.01 0.01
Mixing length parameter ... α *Hp+ 1.74
more on that later.
It has to be mentioned that Hekker et al. "2006# attempted mode identifica!
tions for the dominant spectroscopic frequency. They identified the frequency R12
at 58.2µHz to be a mode of "$,m# = "2, 2#. The best fitting model matches this fre!
quency with a mode of degree $ = 2 as well although the model does not include
rotation "hence the model frequency has a m of 0#. The rotational splitting, how!
ever, can be ignored since the expected split frequency5 is not larger than 0.07µHz.
In Figure 4.7, a theoretical H!R diagram is presented, showing a subset of the
stellar model grid used for the pulsation analysis "small light grey points#, the best
model fits to the observed frequencies with χ2 less than 1.0 "color#, and the error
box for the luminosity and e%ective temperature of !Oph. The models with the
smallest deviation from the oscillation observations "χ2 <0.25# are shown in red,
and lie close to the centre of the error box. χ2 is determined from the oscillation
data only, that is, no other observables are used in any way to help determine the
best model fit. The insets in Figure4.7 show χ2 as a function of model mass and age.
They illustrate the smooth distribution of χ2 along the track of best fitting models
"colored region# with constant large frequency separation.
A summary of fundamental parameters of the best fitting model and values found
in the literature and deduced in the previous section is given in Table 4.4.
5The maximum rotational splitting is derived from the radius and the rotational velocity v sin i =
3.4±0.5 km s−1 "De Ridder et al. 2006b#
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Figure 4.8: Deviation of the scatter of the largest amplitude peak of simulated damped and
randomly re!excited signals around the true frequency for various damping rates "lines#. The
dots and the corresponding histogram are for lifetimes of 15 days.
4.1.6 Mode lifetimes
Unlike p modes in stars in the classical instability strip, which can coherently oscil!
late for millions of years, solar!type oscillations driven stochastically by the turbu!
lent flux in the convective envelope have much shorter lifetimes. Pulsations of this
nature can be characterized by a superposition of randomly excited, intrinsically
damped, harmonic oscillations. The Fourier transform of these incoherent signals
produces random peaks forming on average a Lorentzian profile with a width given
by the damping rate which is inversely proportional to the mode lifetime.
In this work, individual frequencies are treated as independent radial and nonra!
dial modes whose lifetimes are comparable to the duration of the observations.Con!
trary to coherent harmonic variations,the scatter of observed frequencies about the
true frequencies is not only a function of the duration of the observations and the
signal!to!noise ratio but also a function of the mode lifetime. Figure 4.8 illustrates
the deviation of the largest amplitude frequency from the input frequency as a result
of numerical simulations of a damped and stochastically re!excited signal for vari!
ous damping rates "or lifetimes#. These deviations follow a Gaussian distribution
"see histogram and the di%erent lines# which expands with increasing damping rates
"or decreasing lifetimes#.
Kjeldsen et al. "2005# performed extensive simulations in their analysis of the RV
oscillations of α Cen B to quantify the dependence of the frequency scatter on the
lifetime and the signal!to!noise ratio. According to Kallinger et al. "2008b# a similar
approach is applied for !Oph. Roughly 100 000 simulated data sets were computed,
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using the time sampling of the MOST !Oph photometry. Each data set contains a
damped and randomly re!excited oscillation at a given input frequency, plus white
noise of random amplitude. The generated mode lifetimes range from 0.5 to 50 days.
The average absolute deviation of the largest amplitude frequency "determined by
SigSpec# from the input frequency,∆f , as a function of the peak’s SigSpec significance
is presented in Figure 4.9 for di%erent mode lifetimes "solid lines#. The frequency
scale in this figure is specific to the MOSTdata6. Also presented are upper limits for
the observational uncertainties of a stable mono!periodic signal "horizontal dashed
line scaled to the left axis# and a multi!periodic signal "diagonal dashed line, also,
scaled to the left axis# deduced according to Kallinger et al. "2008d#.
As an example, consider some modes in the MOST observations of !Oph with
SigSpec significance of 10 or more. If the mode lifetimes are 1 day on average, then
according to the simulation one can expect the observed frequencies of the modes
to be on average within 1µHz of the intrinsic frequencies of the modes. If the modes
have a lifetime of 20 days, then the simulation indicates that the observed frequency
of the modes will be on average within 0.2µHz of the intrinsic frequencies of the
modes.
This can be inverted by using the apparent scatter of the observed frequencies
to estimate the mode lifetimes. The scatter in the observed frequencies can either
be determined by comparing the frequencies of the modes observed in RVwith the
frequencies of the same modes observed in MOST photometry or by comparing
the observed MOST frequencies with the nearest corresponding frequency in the
best fit model. Unfortunately, the latter method depends on the model fit itself. To
avoid this an approach of Kjeldsen et al. "2005# was used. The modes are assumed
to fall along ridges of common $!value and the frequency scatter is adopted to the
amount the modes deviate from the ridge. The frequency di%erence is taken to
be the amount the mode’s frequency deviates from a line drawn between the mode
below and the mode above the mode of common $!value. Clearly, both of these
methods depend on the correct identification of the modes.
In Figure 4.9, the frequency di%erences "i.e., scatter# between the modes com!
mon in the RV and MOST determined frequencies are plotted as a function of their
SigSpec significance "light grey squares#. The data points all "except one# lie below
the 5d lifetime line of the simulation. Indeed, the average value of the frequency dif!
ferences, shown as a red square in Fig.4.9, corresponds to an average mode lifetime
of ∼12 days.
Light grey circles in Figure 4.9 indicate the frequency di%erences of the MOST
photometric data assuming that the intrinsic mode frequencies do lie along smooth
curves of common $!value. Although the scatter is greater than using the previous
6From additional simulations with di%erent data set lengths it was found that the frequency de!
viation due to finite mode lifetime scales with the square root of the data set length.
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Figure 4.9: Calibration of mode lifetimes for the observed oscillation modes. As a result
of numerical simulations of solar!type oscillations, solid lines indicate how much a detected
frequency deviates on average from the input frequency as a function of the SigSpec signif!
icance for various mode lifetimes. The dotted lines correspond to the upper limit of the
observational frequency uncertainty of a stable sinusoidal multi!periodic "horizontal line#
and a mono!periodic signal "tilted line#, respectively. top panel: Squares indicate the absolute
deviations between frequencies determined from MOST and RV data for the same modes
with an average value given by the large red square symbol. bottom  panel: Dots indicate
the absolute deviation of all photometric mode frequencies from the average value of the
neighboring modes with the same degree !. Average values of the individual deviations are
shown as large blue dots for two ranges of SigSpec significance "below and above 10#.
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method, the averaged absolute deviations in the SigSpec significance range below
and above 10 correspond to∼20 day and∼13 day mode lifetimes, respectively "blue
circles in Fig.4.9#. Both methods give similar average frequency deviations allocated
to mode lifetimes of approximately 10 to 20 days.
Finally, simulations are preformed to estimate the likelihood of a second "“spuri!
ous”# peak appearing in Fourier space, given a mode with a lifetime of 10 to 20 days
and SigSpec significances comparable to those observed in !Oph. The simulation
assumed the time sample cadence of the MOST photometry and, separately, the
time sample cadence of the RV data. Interestingly, almost half of the frequencies
will appear as “spurious” and apparently do not match the model,as was found when
considering all 59 photometric frequencies.
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Table 4.5: Adiabatic p!mode frequencies of the best fitting model up to the acoustic cuto%
frequency in units of µHz. For nonradial modes np is the number of radial nodes in the
p mode part of the modes. Identifier of observed modes matching a model frequency are
listed in brackets. Bold faced modes indicate the modes matched by observed frequencies
used for model fitting.
np\$ 0 1 2 3
0 ... 7.974 ! 3.668 ! 6.797 ! 8.416 !
1 ... 15.170 ! 11.540 ! 13.856 ! 15.561 !
2 ... 21.348
(
P1
−
)
18.042 ! 20.119 ! 21.807 !
3 ... 27.268
(
P2
R1
)
24.005
(
P22
−
)
26.062 ! 27.779
(
P23
−
)
4 ... 32.609
(
P5
−
)
29.700
(
P3
−
)
31.549
(
P4
−
)
33.089
(
P24
−
)
5 ... 37.706
(
P6
−
)
34.731
( −
R2
)
36.562
(
P24
−
)
38.235
(
P7
−
)
6 ... 43.073
(
P9
R11
)
39.948
(
P26
−
)
41.892
(
P8
−
)
43.585
(
P27
R3
)
7 ... 48.200
(
P11
R7
)
45.149
( −
R5
)
47.002
(
P10
−
)
48.694
( −
R8
)
8 ... 53.588
(
P13
−
)
50.257 ! 52.243
(
P12
−
)
54.078
( −
R10
)
9 ... 59.104
(
P15
R13
)
55.671
(
P14
R18
)
57.693
(
P28
R12
)
59.539 !
10 ... 64.560
(
P20
−
)
61.077
(
P16
R15
)
63.074
(
P18
R16
)
64.940 !
11 ... 70.117 ! 66.475
( −
R17
)
68.508
(
P29
−
)
70.434 !
12 ... 75.747 ! 71.991
( −
R14
)
74.035 ! 75.985 !
13 ... 81.366 ! 77.539 ! 79.559 ! 81.516 !
14 ... 87.004 ! 83.083 ! 85.086
( −
R21
)
87.061 !
15 ... 92.639 ! 88.652 ! 90.625 ! 92.597 !
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4.2 The CoRoT red giants
The observations of solar!type oscillations in red giants
from ground!based radial velocity measurements or con!
tinuous space photometry "e.g. from MOST#were a mat!
ter of debate. No definite conclusions could be drawn
if red giant stars show radial and nonradial modes with
moderate lifetimes or radial modes only with shorter life!
times. The data sets su%er from aliasing or are simply too
short to unambiguously distinguish intrinsic signal from
artifacts due to the stochastic nature of the oscillations.
Only recently, the high!precision long!run photometry from CoRoT became avail!
able which enables one to clearly establish that red giants show both radial and non!
radial modes, the latter strongly trapped in the envelope,with lifetimes significantly
longer than originally suggested by some authors.
During the first 150 days long!run campaing "LRc1#, CoRoT gathered photomet!
ric time series for about 11 400 stars in its exofield channel. Although the primary
goal of these observations is to detect planetary transits,the data are perfectly suited
for asteroseismic investigations. And indeed, a first processing of the data revealed
a variety of oscillating red giants. Kallinger et al. "2008f# and later on De Ridder
et al. "2008# reported on the clear detection of solar!type pulsation for more than
300 red giants among the LRc1 exofield targets.
Figure 4.10 shows a sequence of amplitude spectra for eight selected red!giant
pulsators "out of the 300 identied#. It impressively demonstrates that the frequency
range of pulsation and granulation, as well as their amplitudes move simultaneously
towards lower frequencies and higher amplitudes for more evolved stars. The data
are of such good quality that already a visual inspection of some of these ampli!
tude spectra can answer the question about the existence of nonradial modes. At
least some of the given amplitude spectra show a regular pattern of alternating large
and small separations between consecutive peaks which gives strong evidence for
sequences of radial and nonradial modes. If a mode have a lifetime of 2 days, the
corresponding mode profiles are about 2µHz wide. A closer inspection of the given
amplitude spectra does not reveal such wide profiles. The absence of them indicates
that the lifetimes have to be significantly longer.
No detailed asteroseismic analysis of these stars is published so far, but only
recently, Kallinger et al. "2008e# reported on the determination of mass and radius
from global oscillation properties for a subsample the LRc1 red giants.I will present
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Figure 4.10: Fourier amplitude spectra of a sample of CoRoT oscillating red giants. Red
lines correspond to global models "see text# fitted to the spectra and serve as a model for the
background nosie.
4.2. THE COROT RED GIANTS 93
here a more detailed analysis for two of the shown examples $ star A and star B $
representing the other red giants observed by CoRoT. In this thesis the stars are
anonymisized due to internal CoRoT data policy but they will be identified in the
first o&cial publications "De Ridder et al. 2008, Kallinger et al. 2008e#.
4.2.1 CoRoT photometry
The observations relevant for the present analysis were performed in the exofield
channel of CoRoT where the stellar light is dispersed by a prism before reaching
the detectors. Although are there are multi!color photometric time series available
for about a third of all observed stars, the subsequent analysis concentrates on the
white light flux measurements in order to maximize the photometric quality. They
were obtained by adding up the flux of the three color channels.
During the LRc1 campaign, CoRoT pointed towards "α, δ# = "290.98◦, 0.46◦#
from May to October, 2007, and gathered photometric time series for about 11 400
fairly faint stars "11 ≤ mV ≤ 16#. Stellar fluxes are extracted on!board with a sam!
pling rate of 32 s. Due to the limited download capacity all data points can be sent to
ground only for a limited number of predefined targets. For the remaining majority
the data are binned onboard to 512 s bins. There is, however, the so!called “alarm!
mode” where a star which is originally observed with the slow cadence is switched
to the fast cadence after about one week of observations if it turns out that the star
is “interesting” in some sense. For the subsequent analysis the N2 data format is
used, which is the standard output of the data reduction procedure provided by the
CoRoT data center. The only additional corrections to the N2 data is the detection
and removal of occasional jumps in the time series caused by high energy particles
and an outlier correction. Outliers mostly occur when the satellite flies through the
South Atlantic Anomaly and their removal results in a overall duty cycle of about
95'.
Red giant identification
Identifying the red giants among the thousands of exofield targets turned out to be
quite nontrivial. The observed stars are relatively faint and their spectral types and
luminosity classes are not a priori known. It can, however, be assumed that oscillat!
ing red giants have frequencies of the order of a few to about 100µHz appearing as
a broad excess in the power spectrum. The surface convection in these stars causes
granulation, which shows power at very low frequencies superposing the pulsation
signal. These characteristics can be used to identify the oscillating red giants among
the observed targets. I developed a selection procedure based on the time series
observations which allows me to identify various types of variable stars, like δ Sct,
γ Dor, eclipsing binary, or RRLyr stars but also red!giant pulsators. It works in the
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following way:
• in a first step, a power spectrum is calculated for each time series with the
satellite orbital frequency "and its overtones# excluded from the subsequent
analysis.
• various parameters of the time series are determined and stored "e.g, the aver!
age flux, the rms scatter, or the point!to!point scatter#
• various parameters of the power spectra are determined and stored "e.g, the
average amplitudes in 6 predefined frequency ranges, the amplitude ratios be!
tween the largest and second largest amplitude peak, the amplitude ratios be!
tween the largest amplitude peak and the amplitude at the double and triple
frequency#
• the 6 largest amplitude peaks are identified "with alias peaks excluded# and
their frequencies and amplitudes are stored
Altogether 36 parameters "including some header informations# are determined for
each star and stored together with the time series and power spectra. In a next
step, a GUI simultaneously visualizes the time series, the power spectrum, and the
corresponding parameter for a given star. Within the GUI stars are preselected
according to one "or more# parameter"s# and sorted by a user defined criterion. If
one is interested in finding, e.g., δ Sct stars it is an appropriate strategy to search
for stars which show high SNR peaks in a given frequency range "e.g. above 10 d−1#.
The GUI identifies all stars which fulfill the given criterion and sorts them, e.g.,
according to the highest SNR. There might be other types of variable stars which
fulfill the same criterion. But this is not a big issue because the actual identification
"or classification# is up to the user. In same cases it turns out that no decision can
be made based on the provided information. Then the GUI provides additional
tools to analyze the data set, like to compute a phase diagram or the autocorrelation
function of the power spectrum.
In the present case, I was interested in searching for pulsating red giants and
preselected the stars having high SNR peaks in the low frequency range "1 ! 2 d−1#.
To concentrate on stars which presumably show a clear granulation signal, the pres!
elected stars are sorted according to ratio between the average amplitudes in the low
"1 ! 3 d−1# and very high "30 ! 80 d−1# frequency domain. The actual identification is
done by hand deciding star by star if the power spectrum shows the characteristics
"granulation signal and a power excess hump# typical for a red!giant pulsator. Thus
I have identify about 300 red!giant candidates among the LRc1 targets.
S. Hekker developed a di%erent algorithm to automatically identify the red!giant
pulsator and although both procedures where designed and used completely inde!
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pendent, we identified most of the 300 candidates in both. A more detailed de!
scription of both identification and classification routines is given in Hekker et al.
"2008#.
Time series of star A and B
Star A and B have a comparable apparent magnitude of mV = 13.5 and their time
series consist both of about 21 000 data points. The high!frequency noise7 is about
6.6 ppm and 7 ppm, respectively, which is in good agreement with the photon noise
one could expect for an average flux of about 4.4 × 105 and 4.1 × 105 electrons per
integration, respectively.
4.2.2 Fourier analysis
The available broadband color photometry for the CoRoTexofield targets may allow
one to roughly estimate the e%ective temperatures, but is not suitable to derive
some information about the luminosities. Similar to what was shown for !Oph, I
determine the fundamental parameters from global characteristics of the observed
power spectra, i.e. I use the frequency of maximum power and the large frequency
separation to estimate the mass and radius of the red!giant solar!type pulsators.
Power spectra modeling
Compared to the previously shown MOST data set, the CoRoT observations are
of significantly longer duration and therefore allow one to more accurately model
the stellar background. Similar to what was shown for !Oph, a multi!component
function,
P (ν) = Pn +
3∑
i=1
Ai
1 + (Biν)4
+ Pg · e−(ν−νmax)2/(2σ2), "4.5#
consisting of white noise Pn, the sum of 3 power laws A/(1 + (Bν)4), and a power
excess hump approximated by a Gaussian function is fitted to the heavily smoothed
power density spectrum. The observed power density spectra along with the heavily
smoothed spectra and the resulting global fits and their components are shown in
figure 4.11. The corresponding fit parameters are listed in table 4.6 "νmax is given in
table 4.7#.
Each power law represents a di%erent physical process such as stellar activity or
granulation "Michel et al. 2008 ; and references therein# with time scales for the Sun
ranging from days in the case of stellar activity to minutes in the case of granula!
tion. Compared to the Sun, the time scales of red giants inversely scale with the
7the average Fourier amplitude above 100µHz
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Figure 4.11: Power density spectrum of the CoRoT exofield photometry of the pulsating red
giants A and B "grey lines# and a heavily smooth version of the spectrum "black lines#. The
red lines indicate a global fit consisting of a superposition of white noise "horizontal dashed
line#, three power law components "dashed lines# and a power excess hump approximated
by a Gaussian function. The fit without the Gaussian component "blue line# serves as an
indicator for the local background signal.
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Table 4.6: Multi!component fit parameters. Pn, Ai, and Pg are given in ppm2/µHz. Bi is in
hours and σ in µHz.
Pn A1 A2 A3 Pg
B1 B2 B3 σ
star A ................... 43.6 3990 485 88 153
54.8 13.4 3.55 7.5
star B ................... 49.2 11410 1240 315 323
79.8 18.0 6.0 6.1
frequency of maximum power. Stello et al. "2007# have shown in their analysis of
pulsating red giants in M67 that it is appropriate to assume the granulation cell size
to be proportional to the pressure scale height Hp in the atmosphere and that the
granulation time scale τ is defined by the ratio between the cell size and the ve!
locity of the granules. The velocities in turn scale with the sound speed, cs, in the
atmosphere so that τ ∝ Hp/cs. On the other hand, Kjeldsen & Bedding "1995# have
shown that the frequency of maximum power scales to good approximation with
the acoustic cuto% frequency to νmax ∝ cs/Hp. Consequently τ is ∝ 1/νmax.
And indeed, the ratios between the time scales given in table4.6 "Bi,starA/ Bi,starB
with i= 1 to 3# are within 15' compared to the inverse ratio of the frequencies of
maximum power "νmax,starB/νmax,starA#. Furthermore, the ratios of the granulation
times scales for star A and B and the solar granulation time scales "Michel et al.
2008# are within about 25' compared to the ratios of their frequencies of maximum
power8.
Asteroseismic determination of fundamental parameters
For the CoRoT red giants with more or less unknown e%ective temperatures it
seems as if it is not possible to derive mass and radius from equations4.3 and 4.4. But
Kallinger et al. "2008e# has shown that it is an appropriate approximation to assume
an average value for the e%ective temperature of 4750 K, which allows one to esti!
mate stellar mass and radius from the large frequency separation and the frequency
of maximum power only. This simplification is based on the relatively narrow tem!
perature range of about 5500 to 4000 K for G to K giants, and that only the square
root of temperature enters the calculation. The resulting internal error is not larger
than ∼6' for the radius and ∼19' for the mass and, hence, still is a reasonable
estimate.
8which is about 3050µHz for the Sun
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Table 4.7: Global pulsation and fundamental parameters of the CoRoT red giants A and B.
νmax ∆ν R/R* M/M* Teff L/L*
*µHz+ *µHz+ *K+
star A ........ 73.14 7.16 7.7±0.5 1.3± 0.3 4662 24.8
star B ........ 46.50 4.78 11.0±0.7 1.7± 0.3 4612 46.6
The average large frequency separations for star A and B are derived from the
autocorrelation functions of the power spectra in the frequency range of pulsation
"νmax ± 3σ $ as given in table 4.6 and 4.7# and are listed together with the frequency
of maximum power and the corresponding estimates for radius and mass in table4.7.
To estimate the stars position in the H!R diagram, I identified models with same
radii and mass in the standard red giant model grid "Sec.2.3.3# and list the corre!
sponding e%ective temperatures and luminosities in table 4.7. Note, theses values
are only rough estimates because the e%ective temperature and luminosity of a
model with a given mass and radius also depends on, e.g, the primordial chemical
composition of the model.
Frequency analysis
The original power spectra and the power spectra normalized to the global fit with!
out the Gaussian part are shown in figure 4.13. The latter are interpreted in terms
of a “pulsation signal to background noise diagram” and show the high significance
of the pulsation modes. To determine the mode parameters a di%erent approach
is used than for !Oph. In case of the two CoRoT red giants, the mode profiles in
the power spectra seem to be more narrow and less disturbed by artifacts from the
stochastic nature of the signal than the mode profiles in the !Oph observations.
The mode profiles can directly be identified in the observed power spectra and no
prewhitening sequence is necessary which would split up the signal into its harmonic
components not paying attention to the Lorentzian!like profiles in the power spec!
trum.
To determine the parameters of a number "N # of stochastically excited modes a
model,
P (ν) =
N∑
i=1
( Hi
1 + 4(ν−νiΓi )
2
)
+B(ν), "4.6#
is fitted to the observed power spectra.Hi is the height of the ith mode profile with
the frequency νi. The mode line width Γ is given by the mode lifetime τ according
to Γ = 1/(piτ). The global fit from Eq.4.5 without the Gaussian term serves as local
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Figure 4.12: Power spectra of the 150 day CoRoT exofield photometry of star A and B. The
colored lines indicate a global fit with "red# and without "blue# the power excess compo!
nent approximated by a Gaussian function. The 2nd and last panel show the power spectra
normalized to the blue lines in the original power spectra. The dashed red lines show the
Gaussian part of the fit. The spectral window is given in the insert; note the truncated scale.
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Figure 4.13: A sequence of theoretical mode profiles "red line# fitted to the original power
spectra assuming the same mode line width for all profiles. The model is shifted vertically
for better visibility.
background B(ν).
The distribution in the power spectrum of a number of realizations of a single
solar!type oscillation around its mean Lorentzian profile is given by aχ2 distribution
with two degrees of freedom "see e.g., Gruberbauer etal. 2008a#. Usually a maximum
likelihood technique is used to find a best fit between the model mode profiles and
the observed power spectrum "see e.g, Appourchaux et al. 2008, Barban et al. 2007#.
Although a least!square algorithm is not properly suited to fit a power spectrum
because it is designed for a Gaussian statistic and not for aχ2 statistic "with 2 degrees
of freedom# I decided to use it anyway for the sake of simplicity being aware that
the resulting mode heights might be systematically overestimated. However, the
mode frequencies $ the parameter I am most interested in $ should be determined
correctly with both methods.
To obtain a best fit the following steps were performed: I have identified 13
and 12 mode “candidates” in the power spectra of star A and B, respectively. Their
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Table 4.8: Frequencies, mode heights, and signal!to!noise ratios of the p modes identified
in the power spectra of the CoRoT red giants A and B and their average mode lifetimes.
star A star B
ID f H SNR f H SNR
*µHz+ *ppm2+ *µHz+ *ppm2+
1 ... 61.89 ±0.07 458 3.3 36.20 ±0.06 883 3.8
2 ... 64.42 ±0.06 629 3.9 37.72 ±0.03 2833 7.0
3 ... 65.39 ±0.04 1766 6.6 38.38 ±0.03 2972 7.2
4 ... 69.17 ±0.04 1516 6.1 40.83 ±0.03 3157 7.3
5 ... 71.52 ±0.05 872 4.6 42.51 ±0.03 3418 7.7
6 ... 72.54 ±0.03 4034 9.9 43.10 ±0.02 8987 12.4
7 ... 73.85 ±0.06 512 3.5 45.51 ±0.05 2097 6.0
8 ... 76.33 ±0.04 3494 9.2 47.28 ±0.02 4791 9.2
9 ... 78.74 ±0.05 892 4.7 47.88 ±0.02 7052 11.1
10 ... 79.62 ±0.05 946 4.8 50.32 ±0.05 1521 5.1
11 ... 83.37 ±0.04 1618 6.3 52.10 ±0.05 1376 5.1
12 ... 86.14 ±0.07 402 3.1 52.68 ±0.03 4550 9.0
13 ... 87.04 ±0.06 974 4.9
τ " 32±9 d τ " 41±9 d
roughly estimated frequencies and heights serve as initial values for the fitting pro!
cedure. In a first run, the mode lifetime is allowed to vary between 1 and 100 days for
each profile. As no clear Lorentzian profiles can be identified in any of the observed
power spectra the mode profile widths are small9 or at least comparable to the peak
width resulting from the spectral window function. If the peak width resulting from
the spectral window function is interpreted in terms of the line width of a mode pro!
file, the corresponding lifetime would be about 48 days. If the mode profiles were
about 0.2µHz "τ " 20 d# wide, then the peaks are not narrow enough to populate
the mode profiles with more than one or two "high amplitude# peaks. Only asym!
metric peaks and “profile!like” groups of peaks indicate that the mode lifetimes are
indeed smaller than what the observations can resolve "∼ 48 d#. But more on that
later "Sec.4.2.4#. The present observations are not su&cient to determine the mode
lifetimes of individual modes. Consequently, I used the average mode lifetime from
the first fit as a fixed parameter for a second fit. This stabilizes the fit and improves
the determination of the frequency and mode height parameters.
9and the corresponding lifetimes are long
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The resulting best fits are shown in figure4.13 along with the original power spec!
tra. The mode parameters are listed in table 4.8 where the frequency uncertainties
are determined according to Kallinger et al. "2008d# and the signal!to!noise ratios
are computed in reference to the background model given by Eq.4.5. Note, H in
table 4.8 refers to the mode heights in the power spectrum and not to the intrinsic
amplitudes a which depend also on the mode lifetimes as a2 = HSD/τ where HSD
is the mode height in the power density spectrum. Assuming the average mode life!
times to be correct, the highest amplitude modes of star A and B would have an
intrinsic "rms# amplitude of about 122 and 152 ppm, respectively "compared to their
mode heights of about 64 and 95 ppm in the amplitude spectrum#.
4.2.3 Asteroseismic analysis
As the stars observed in the CoRoT exofield are relatively faint, no or only poor addi!
tional informations are available for them and follow!up spectroscopic observations
are not finished yet. It is thus not possible to apply any constraints to the model
parameters when comparing the observed frequencies with model frequencies. I,
however, used my standard red giant grid for a first trial being aware that the grid
resolution might not be su&cient to yield a good fit. The grid parameters and the
input physics used to construct the grid are given in table 2.1.
The 13 and 12 frequencies listed in table4.8 for star A and B, respectively, are used
as input for the mode matching procedure as described in Sec.2.3.4 or 4.1.5. A best
fit between the observed frequencies and the frequencies determined from stellar
models was obtained using aχ2 minimization searching algorithm. Interestingly, the
fitting procedure turned out to be straight forward "compared to what was shown
for ! Oph# and all observed frequencies for each star can be matched by a model
frequency. The resulting best fits are shown in an echelle diagram for each star in
figure 4.14 with the model frequencies indicated by colored symbols "connected by
line segments# and the observations given by black dots. In case of star A, four
radial modes of consecutive radial order as well as four $ = 1 and four $ = 2 of the
same radial order and a single $ = 3 mode are matched. For the other star, star B,
four radial, four $ = 1, and four $ = 2 modes can be identified. The corresponding best
fitting models have a large frequency separation of ∆ν = 7.10 and 4.73µHz for star
A and B, respectively, and a small frequency separation of δν = 0.83 and 0.60µHz
between radial and $ = 2 modes.
The two stars are a good example for the advantage of having observed frequen!
cies of consecutive radial orders and same degrees when searching for a best!fitting
model. The well constrained large frequency separations allows the search proce!
dure to assign a low χ2 to only those models which fall along a single ridge of con!
stant mean stellar density and no “secondary” ridges due to multiples of the large
frequency separation will appear. Along such a ridge of constant mean stellar den!
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Figure 4.14: Echelle diagrams of the 13 respectively 12 observed frequencies used to constrain
the fit and the best fitting models. The observed frequencies are given by black dots where
size of the dots scales with the mode height. The frequency uncertainties are in any case
smaller than the dot. The model modes are given by colored symbols connected by line
segments.
sity it is basically the separation between the di%erent mode sequences, e.g. the
small frequency separation, that defines the exact position of the best fitting model.
Although the models along the ridge have approximately the same mean stellar den!
sity, they have di%erent core configurations to which δν is sensitive. The small fre!
quency separation is, however, a very sensitive parameter and the even though small
frequency uncertainties do not constrain the fitting models to a single model "or a
narrow range of models#.
The resulting models with χ2 < 1.0 are illustrated in figure 4.15 "colored dots#
along with a subset of the standard red giant grid. The best fitting models, with
the smallest χ2 value, are given in red. The uncertainty box locations in the H!R
diagram of star A and B as determined from the frequency of maximum power and
the large frequency separation are given by the orange boxes. The insert shows the
same but for the model’s radius as a function of their mass which are the parameters
that can actually be determined from νmax and ∆ν.
The best fitting model for star B falls right in the uncertainty box. This can be
interpreted as a strong indication for the primordial chemical composition of star
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Figure 4.15: bottom  panel: Theoretical H!R diagram showing the uncertainty box location
of star A and B as derived in Sec.4.2.2 and a subset of the standard red giant model grid.
The color scale gives theχ2 values from the di%erence between the observed and the model
frequencies, where the scale is limited to values below 1. top panel: Same as bottom panel
but for the model’s radius as a function of their mass.
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B to be indeed solar!like. If true, the e%ective temperature and luminosity given in
table 4.7 are correct.
In case of star A, the situation is di%erent. Either the primordial chemical com!
position of the models or the used mixing length parameter are o%. Changing, e.g.,
the initial chemical composition will change the core configuration of a model with
a given mass and radius. Consequently, a di%erent model with a di%erent mass will
have the right core configuration to meet the observed small frequency separation.
But a similar e%ect can be expected from changing the mixing length parameter
which defines the radius and thus the large frequency separation for a model with
given mass and age. Consequently, a model with a given mean stellar density will
have a di%erent age and thus also a di%erent core configuration and so on. Without
having knowledge about the real chemical composition one can not decide which
parameter to change. Therefore, the e%ective temperature and luminosity of star A
as listed in table 4.7 are not more than an educated guess and the real values can be
quite di%erent.
Somewhat similar could also be the case for star B. The e%ect of a “wrong” chem!
ical composition could be compensated by the e%ect of a “wrong” mixing length pa!
rameter. But I considered this to be quite unlikely. But to be honest, one cannot
prove without having knowledge about the real chemical composition.
4.2.4 Mode lifetimes
From, e.g., figure 4.13 one might expect that the power spectra show peaks that are
typical for a stable coherent signal because no Lorentzian profiles are obvious. This
can to some extent be verified in a time!frequency analysis which allows one to an!
alyze frequency, amplitude, and phase as a function of time. Thereby, the data
set is split into subsets of a given length "where the subsets can overlap# and the
power spectrum is computed for all subsets. They can then be visualized in a time!
frequency diagram where the individual power spectra are plotted as a function of
the subset time lag with the Fourier power color!coded. For a stable coherent signal
the power should be constant "within the uncertainties# in time ignoring the possi!
bility of a close, unresolved, frequency which would cause beating e%ects. But for a
solar!type signal one should immediately see the strongly modulated amplitude due
to the damping and re!excitation of the signal.
And indeed the time!frequency plot given in figure4.16 clearly reveals the stochas!
tic nature of the oscillations. The actual appearance of such a plot strongly depends
on the chosen subset length and step size. From various tests I found that a 20 day
subset moved in 5 day steps across the 150 day data set gives a reasonable combi!
nation of frequency resolution and contrast for the amplitude changes. There is
significantly varying power in the time!frequency plot at frequencies where the to!
tal power spectrum "left panel# shows a strong signal. To get an idea of how much
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Figure 4.16: Time!frequency analysis of the CoRoT exofield data of star A. The small panels
show the same for simulated data of an arbitrary frequency and with various mode lifetimes.
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Figure 4.17: Calibration of mode lifetimes for the observed oscillations. The dashed line
indicates $ as a result of numerical simulations for solar!type oscillations $ the average rms
scatter "and the 1σ uncertainty $ red shaded area# of the frequency jitter a single mode would
have in a time!frequnecy analysis. The rms scatter of the two highest amplitude oscillation
modes in star A are indicated by the horizontal lines.
the power will vary depending on the signals lifetime, I have repeated the analysis
with the same setup but for a simulated damped and stochastically re!excited oscil!
lation and show the result in the right part of figure4.16 for di%erent mode lifetime.
Whereas in case of a mode lifetime of only 2 days the mode is not even noticeable
as a single mode in the time!frequency plot, the power of a mode with a lifetime of
50 days appears to be quite stable.
It is not only the oscillation amplitude that varies with time, but also the fre!
quency changes slightly. This frequency jitter "indicated by the black dashed lines
in the time!frequency plot for the two highest amplitude modes of star A# directly
depends on the mode lifetime "apart from the setup of the time!frequnecy analysis#.
It can thus be used to estimate the mode lifetimes by comparing the observed jitter
with that from simulations which is shown in figure 4.17. I have computed about
10 000 simulated data sets using the time sampling of the CoRoT exofield observa!
tions. Each data set contains white noise of roughly the same amplitude as for star
A and a single damped and randomly re!excited oscillation with the lifetime ranging
from 0.5 to 200 days. The simulations were generated with a method described by
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Chaplin et al. "1997#. In a next step, I have performed a time!frequency analysis "20 d
subsets with a step size of 5 d# for each data set. Figure 4.17 shows the average rms
scatter "dashed line# and the 1σ "red shaded area# uncertainty of the frequency jitter
for the simulated data set as a function of the input mode lifetime.The obvious cor!
relation is used to estimate the mode lifetimes from the measured frequency jitter
in the time!frequency plot of star A. In this case, the two highest amplitude modes
have a rms scatter in frequency of about 0.17µHz "two horizontal lines in figure4.17#
which indicates that their lifetime is at least 10 days but more likely about 20 days
and not more than about 80 days. Although the uncertainty of this estimate is quite
large the possibility of very short living modes "below about 5 days# is ruled out.
It has to be mentioned that this method works only under particular conditions.
The modes have to be well separated in frequency and their signal!to!noise ratio has
to be quite high. Otherwise the modes fade away in the noise or start to interfere
with closely spaced modes in the time!frequency analysis. This is the case for star
B, where no definite conclusions could be drawn with this method.
CHAPTER 5
Conclusions
Stars cooler than the red edge of the classical instability strip have convective outer
layers with turbulent motions which may drive intrinsically stable p!mode pulsa!
tion, so!called damped and stochastically excited "or solar!type# oscillations. They
are very interesting from an asteroseismic point of view because they provide infor!
mation about the interior structure of the star. The solar!type oscillations reported
for several sun!like stars allow detailed asteroseismic studies such as the comparison
of observed frequencies with modes determined from stellar models.
Solar!type oscillations in more evolved stars, i.e., red giants, are observed since
about one decade. The stochastic nature of the oscillations and the relatively low
amplitudes "below some 100 ppm# call for high!qualtiy, long!term, and preferable un!
interrupted observations. The existence of solar!type oscillations in red!giant stars
has been clearly confirmed using ground!based observations. Later on, more de!
tailed studies were done mainly from space. But the interpretation of these obser!
vations was ambiguous as di%erent groups interpreted the data di%erently. It was a
matter of debate whether the observed power spectra are consistent with radial and
nonradial modes of moderate lifetimes or with short living radial modes only. The
at the time available data sets were rather short and hampered the clear detection
of the Lorentzian profiles of the damped and stochastically excited modes as they
are known from the Sun "and sun!like stars#. The peaks in the power spectra were
either treated as a group of peaks forming the broad profile of a strongly damped
mode or as individual less broad profiles due to less strongly damped modes. Natu!
rally, it was the number of “detected” modes per frequency interval that makes the
big di%erence and led to the di%erent interpretations.
It was my intention to show that the observed solar!type oscillation modes in
109
110 CHAPTER 5. CONCLUSIONS
red giants are consistent with the pattern of radial and nonradial modes that can
be expected from the asymptotic relation for high!order low!degree pressure modes
and which are well!known for sun!like stars. And I wanted to compare the observed
modes with those determined from red!giant models.
When I started to work on pulsation in red!giant stars, it was commonly ac!
cepted that red!giant stars exhibit a dense “forest” of nonradial mixed modes in be!
tween the regularly spaced radial modes. But the amplitudes of the nonradial modes
were expected to be much smaller than the radial ones and should therefore not be
observable. This expectation was mainly based on the theoretical work of Dziem!
bowski et al. "2001#. In the same investigation it was, however, indicated that there
should exist nonradial modes which are strongly trapped in the stellar envelope and
which have a significantly lower mode inertia than the less trapped nonradial modes.
They should therefore be less e&ciently damped "or more easily excited#. Interest!
ingly, the strongly trapped nonradial modes follow the same regular pattern as the
radial modes, i.e, from the asymptotic relation for acoustic modes.
A problem was to compute only the strongly trapped modes among the densely
packed nonradial modes for my standard red!giant models "see, e.g., Guenther et al.
2000#. It has be shown that the nonradial modes in red!giant models are high!
radial order g modes with p!mode character in the outer layers, so!called mixed
modes. Their towards the center ever faster oscillating eigenfunctions make them
di&cult to compute, especially with the program I have access to "JIG#. I have, how!
ever, demonstrated that the p!mode part of the eigenfunction is relatively stable for
modes of a given radial order in the p!mode cavity but with di%erent numbers of
radial nodes in the inner part of the model. And it is this part of the model which
mostly defines the frequencies and eigenfunctions of the strongly trapped nonradial
modes. It should therefore be possible to compute the strongly trapped modes and
to simultaneously avoid numerical instabilities by considering only the p!mode cav!
ity of the red!giant models. But as the inner turning point of a mode is a function of
the mode frequency it would be necessary to adopt the inner starting point of the
calculations for each individual mode. Unfortunately, the current version of JIG
cannot perform this in an automatic way. But, although it is formally not correct, I
have demonstrated that it is an good approximation to fix the inner boundary to a
specific value for all modes, even for a large range of models. Thus I found an easy
and fast way to compute the strongly trapped nonradial modes for a large grid of
red!giant models.
Another problem is the comparison of the observed frequencies with theoret!
ical modes of red!giant models. The characteristic frequency separations of main!
sequence and sub!giant stars are generally large compared to the observational un!
certainties. They provide information on stars’ global properties and can be used
to accurately determine the fundamental parameters of the star. Even the small de!
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viations from the regular pattern of the asymptotic relation are resolvable in some
cases and and give access to more local phenomena in the star, like the depth of
the convection zone or core overshooting. For the more evolved stars the picture
is dramatically di%erent. Their frequency spacings are significantly smaller and at
a certain point are comparable to the observational errors. It is therefore not sur!
prising that the detailed structure of the oscillation spectrum gets lost in the ob!
servational uncertainties which considerably complicates the asteroseismic analysis.
For example, the large frequency separation is sensitive to the speed of sound in the
outer layers and stars with similar envelope properties "mainly defined by the radius#
have similar oscillation spectra. When fitting observed to model frequencies, the
separation between consecutive radial overtones constrain the fitting models to fall
along ridges of constant mean stellar density which can span a large range in the H!R
diagram. It is the small frequency separation that selects the best fitting model on
this ridges. But the small frequency separation, which serves as an indicator of the
stellar core properties is often more sensitive than the observational uncertainties
leading to poorly determined fundamental parameters.
Usually model parameter that can not directly be observed,like the helium abun!
dance or the mixing length parameter, are used to calibrate stellar models so that
they meet the observed frequencies and other observable parameters "like temper!
ature, radius, or luminosity#. For stars on or near the main sequence the helium
abundance and mixing length parameter are used to adopt a models luminosity and
radius, respectively. On the giant branch the situation is more di&cult. Changing
the initial chemical composition of a model with a given mass shifts the entire evo!
lutionary track in the H!R diagram, e.g., to higher temperatures and luminosities if
the metallicity is decreased. On the other hand, increasing the mixing length pa!
rameter does not a%ect the main sequence part of the track but shortens the shell
burning phase and let the star not expand and cool so much before reaching the giant
branch. On the giant branch, both tracks can overlap. Consequently, models with
di%erent initial characteristics have similar envelope properties at a given point in
the H!R diagram but di%er in the interior due to di%erent core configurations. This
should be visible in the model frequency spectra. But the e%ects are small compared
to the usual observational uncertainties and one can not discriminate the di%erent
internal structures based on the observed frequencies only. It is thus essential to
constrain the model parameter space by externally determined stellar parameters
"like the surface metal abundances# to avoid ambiguities in the analysis.
! Oph
The probably most important result of my thesis is that the presumed significant in!
trinsic frequencies present in the MOST photometry of ! Oph can be best matched
to radial and nonradial model frequencies from which I conclude that observable
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nonradial modes do exist in red!giant stars. The number of matched p modes com!
pared to unmatched modes as well as the scatter of the observed frequencies around
the model frequencies is consistent with mode lifetimes of 10 to 20 days.
It has been shown that the observed power spectrum of !Oph can be interpreted
as the superposition of a background signal and a power excess due to pulsation,
similar to what is known for sun!like stars, and that the background signal can be fit
by a simple power law model. I have demonstrated that the frequency of maximum
power, i.e., the center of the power excess hump due to pulsation, and the large
frequency separation can be used to estimate the mass and radius of ! Oph.
Like Barban et al. "2007# and Kallinger et al. "2008b#, I find in the MOST data
a well!populated sequence of radial modes with a fundamental spacing of about
5.2µHz. Kallinger et al. "2008b# used a simplistic approach to estimate the reliability
of the observed frequencies. I now use the power law model fit to the background
signal as an indicator for the local background noise in order to rate the signal!to!
noise ratios of the pulsation frequencies. The determined frequencies, however, are
almost the same as in Kallinger etal. "2008b#. For the 21 most significant frequencies
above 20µHz, it is only possible to fit 9 of the frequencies to radial p modes. Fur!
thermore, I cannot find any model in my grid of red!giant models that matches all 7
radial mode frequencies found by Barban et al. "2007# via Lorentzian profile fitting.
I can, though, match 18 of the 21 most significant frequencies in the photometric
data if also nonradial modes are considered.
The intrinsic nature of the most significant observed frequencies is also sup!
ported by the good agreement between the best fitting model oscillation!only con!
strained and the independently derived e%ective temperature, luminosity, and ra!
dius. The best fitting model has an e%ective temperature of 4892K and a luminosity
of 60.1 L* compared to the average non!asteroseismically derived temperature of
4888±60K and luminosity of 58±4L*. Furthermore, the best fitting model has a
radius of 10.82R* that agrees with the radius of 10.4±0.45R* determined from the
ESO VLTI angular diameter determination and the Hipparcos parallax. The mass
and age of ! Oph as constrained by the oscillations is 2.02M* and 0.77Gyr.
The CoRoT red giants
What was shown for !Oph is still controversial. Barban et al. "2007# have assumed in
their analysis of the MOST photometry of ! Oph that the mode lifetimes are short.
Contrary to that, I have presumed the mode lifetimes to be significantly longer,i.e.,
comparable to the data set length. Based on these di%erent assumptions,we came to
contradicting conclusions. My approach, however, is self!consistent as the extracted
frequencies are consistent with modes of a red!giant model whose position in the H!
R diagram is compatible with independently derived measurements. On the other
hand, Barban et al. "2007# do not compare their modes with a model. No matter
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what I prefer, it does not disprove their findings. The reason for this annoying
ambiguity is the simply too short data set. If the observations are not long enough,
it is more or less impossible to distinguish if a group of peaks in the power spectrum
form a single “undersampled” broad Lorentzian profile or is due to individual narrow
profiles "see figure 1.9#. Only if the data set is significantly longer, an intrinsic broad
profile would be clearly visible.
The CoRoT satellite, however, provides the opportunity to obtain observations
which should be long enough to solve the mode lifetime issue.Unfortunately, ! Oph
is not observable with CoRoT "because the star is not located in the CoRoT eyes#
but it gathered up to 150 days long, nearly continuous photometric observations of
thousands of stars in its exofield channel including red!giant pulsators.
Naturally the observed objects are rather faint and only poor informations are
available to identify the red giants in the exofield of CoRoT. I therefore have to rely
on the available time series observations and use the characteristic granulation and
pulsation signal typical for solar!type pulsators, to identify the pulsating red giants.
A semi!automatic routine scans all obtained time series and identifies candidate
stars for which one has to interactively decide if a given star is a red!giant pulsator
or not. Thus I have identified about 300 pulsating red!giant candidates among the
about 11 000 stars observed during the first CoRoT long!run campaign.
Representative for the large number of CoRoT red!giant pulsators two stars are
analyzed in detail. Both stars show the low frequency granulation signal and a clear
power excess due to pulsation which are typical for a solar!type pulsator. The latter
are centered on about 73 and 47µHz, respectively, and consist of regularly spaced
peaks presumably spanning several consecutive radial orders. The corresponding
fundamental spacings are about 7.2 and 4.8µHz, respectively. The stellar mass and
radius for both stars are estimated from scaling relations for the central frequency
of the power excess hump and the fundamental spacing "the actual values are listed
in table 4.7#.
Similar to ! Oph, the intrinsic background signal in the power spectra of the two
CoRoT red giants can be well approximated by a simple power law model. In con!
trast to ! Oph where only a single power law component is used, the long duration
of the CoRoT observations allow one to resolve variations on longer time scales and
three power law components are used for the background fit. The time scales and
amplitudes of the di%erent components are consistent with what was shown, e.g.,
for the Sun. Although the background models would provide informations about
the surface convection of the stars, they are not followed up in the context of this
thesis. But they are used to estimate the local background noise and allow to rate
the significance of the subsequently extracted pulsation frequencies.The analysis of
the background signal for a broader sample of CoRoT red giants together with the
estimation of their fundamental parameters will enable statistical studies of,e.g., the
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correlations between the convective time scales "and amplitudes# and the position
in the H!R diagram or the interaction between convection and pulsation in general.
Compared to the ! Oph observations, the extraction of the pulsation frequen!
cies from the CoRoT data is straight forward. The signal!to!noise ratios are high
and even more important, the mode profiles are narrow and less disturbed by ar!
tifacts from the stochastic nature of the signal. Thus the pulsation mode profiles
can easily be identified in the original power spectrum and are fitted by Lorentzian
profiles. This is a more appropriate method to extract the mode parameters of solar!
type oscillations than splitting up the signal into its harmonic components as it was
necessary for the ! Oph data. I identified 13 and 12 modes, respectively, in the power
spectra of the two stars and determined their mode frequencies and heights.Fitting
each profile with an independent line width parameter, i.e., an individual mode life!
time, turns out to be problematic. The mode line widths are comparable to the peak
widths resulting from the spectral window function, i.e., from the data set length.
Only asymmetric peaks and “profile!like” groups of peaks in the power spectrum
indicate that the intrinsic lifetimes are smaller than what the observations can re!
solve "∼ 48 d#. However, using the average mode lifetime from a first fit "with free
line width parameters# as a fixed parameter for a second fit improves the determina!
tion of the mode frequencies "which is the parameter I am most interested in#. The
average mode lifetimes are about 32 and 41 days for star A and B, respectively.
Another way to estimate the mode lifetimes is to probe the stability of individual
modes in a time!frequency analysis. In the resulting time!frequency plot, the signal
parameters "frequency and amplitude# are given as a function of time by computing
the power spectrum of a subset time series which is moved across the entire data
set. For a stable coherent signal the power should be constant in time. But for
a damped and stochastically re!excited signal the power and frequency vary with
time. A comparison with simulations shows that the latter directly correlates with
the signal’s lifetime. Thus, the measured scatter in frequency for the two highest
amplitude modes of star A is used to estimate the mode lifetime via comparison with
the frequency scatter of simulated solar!type oscillations. Although the uncertainty
of this method is quite large "from about 10 to 80 d# very short living modes can be
ruled out.
Similar to what was shown for ! Oph, there is no model in my standard red!giant
grid that is able to interpret the extracted frequencies as radial modes only. Only
when searching also for nonradial modes it is possible to find models that match
all observed frequencies. For both stars, four consecutive radial orders of radial,
dipole, and quadrupole modes are matched within the uncertainties. For star A an
additional $ = 3 mode is found. The position in the H!R diagram of the best!fitting
model for star B is consistent with the fundamental parameters determined from
the frequency of maximum power and the fundamental spacing. Not so for star A.
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Although there are models inside the error box in the H!R diagram that fit the ob!
served frequencies "with χ2 below 1#, the formally best fitting model is located well
outside. Therefore one might expect that the model parameter "chemical compo!
sition and mixing length parameter# are correct for star B and incorrect for star A.
But without having knowledge of the chemical composition no definite conclusions
can be made. Spectroscopic follow!up observations are currently under progress and
should help to constrain the model parameter space for a new and more dense grid
which then can be used for a more detailed analysis.
From what was shown for ! Oph and the two CoRoT red giants, I finally con!
clude that nonradial modes are indeed observable in red giants, that the radial and
nonradial modes determined from high!quality long!term photometry are consis!
tent with theoretical modes of red!giant models, and that the mode lifetimes are
significantly longer than what is reported for sun!like stars. This findings finally
approve that the asteroseismic potential of red!giant stars is comparable to that of
sun!like stars. Consequently, further and more detailed studies of solar!type oscil!
lations in red giants should be initiated.
116 CHAPTER 5. CONCLUSIONS
Disclaimer: This work is partly based on the publication Nonradial p$modes i"
the  G9.5  gian& ! Ophiuchi? Pulsation model fits to MOST photometry which was pub!
lished in Astronomy and Astrophysics "Kallinger et al. 2008b#. It is therefore necessary
to mention which part I played in this investigation, and also which part of the cor!
responding sections of this thesis rely on my original work. I was involved in the
data reduction of MOST data from the beginning on "including the observations
of ! Oph#. But Caroline Barban had first hands on the data and she published her
interpretation of the data set in Barban et al. "2007#. It was entirely my idea to rein!
vestigate the data and to come up with a di%erent interpretation which was at that
time in contradiction to the commonly accepted theoretical interpretation of solar!
type pulsations in red giants. I have re!reduced the data set and performed my own
frequency analysis. Under the supervision of David Guenther, I constructed stellar
models for red!giant stars using YREC. But discovered by myself how to compute
the strongly trapped nonradial modes. I developed my own model fitting routine
"based on the χ2 method developed and used by David Guenther# and applied it
to the ! Oph frequencies. I have done the literature research. And it was my task
to write a first draft including the interpretation of the results. It were then David
Guenther, Jaymie Matthews, and Werner Weiss who solved many confusions in the
manuscript and brought the language in a style to be submitted to a journal.For this
thesis I have added a better treatment of the intrinsic background signal.
Similar can be said for the two red giants observed by CoRoT. As a member
of the “Red Giant Team” of the CoRoT additional program working group I was
involved in the analysis and interpretation from the beginning. I have developed an
independent "there were also e%orts by others# semi!automatic routine to identify
the red giants among the thousands of exofield targets. It was my intention to test if
my interpretation of the ! Oph data holds also for other oscillating red giants. And
indeed, the signal found in the CoRoT oscillating red giants is consistent with radial
and nonradial modes with rather long lifetimes. The entire work for this result was
done by myself "of course in close collaboration with the Red Giant Team# including
the data reduction, frequency analysis, model comparison, various simulations, and
the interpretation.
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